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The Grand Forks Municipal Landfill, located in the Red 
River Valley of eastern North Dakota, accepts household refuse 
from the city of Grand Forks and from surrounding rural 
communities including several towns in northwestern Minnesota. 
The landfill occupies 160 acres (64.8 hectars) and another 160 
acres (64.8 hectars) is available for expansion. The trench 
method of disposal is used at the landfill. 
A geologic and hydrogeologic investigation was undertaken 
at the landfill to determine the characteristics of the 
shallow, saturated, fine-grained lacustrine sediments for 
solid waste disposal. Test holes were drilled to collect core 
samples for textural analysis, clay mineralogy analysis and 
cation-exchange-capacity analysis. Fifty-nine shallow wells 
and piezometers were installed to determine the groundwater 
flow regime, the hydraulic conductivity, leachate and 
groundwater chemistry in the shallow subsurface. The wells 
were sampled for general chemistry, BOD, coo, trace metals and 
pesticides. 
The Sherack and Brenna Formations are composed of silt 
loam, silty clay and clay. The clay content ranges from over 
10 percent to 97 percent. The predominant clay mineral is 
montmorillonite and the sediments have high CEC values due to 
this clay mineral. Hydraulic conductivity values range from 
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1. 4 x 10 ·5 m/s in the upper Sherack Formation to 8. 6 x 10·10 
m/s in the Brenna Formation. The groundwater flow regime is 
dominated by vertical flow and hydraulic heads fluctuate 
greatly in the shallow subsurface. The vertical gradients are 
generally downward from spring to fall and upward in the 
winter. Hydraulic conditions in the landfill cells are 
stagnant throughout the year indicating that there is little 
hydraulic connection with the surrounding area. 
The natural groundwater in the area is saline due to the 
influx of saline water from the Dakota Aquifer, which pinches 
out just west of the landfill. The average TDS is about 25,000 
mg/L. The water is classified as a calcium, sodium, magnesium, 
chloride water and is high in sulfate. 
The leachate contains higher levels of iron, manganese, 
bicarbonate, ammonium, COD and BOD than the natural 
groundwater. These indicators were used to identify landfill 
effects in surrounding wells, as were trace metals and 
pesticides. No strong evidence was observed which indicates 
that the landfill has an effect on the local groundwater; 
however, one well nest located just north of the landfill did 
contain some leachate indicators. 
water samples were collected in drainage ditches both 
north and south of the landfill. Some of the leachate 
indicators were elevated while others were not. It is believed 
that some leachate-affected water may be entering surface 











Study Objectives. --The purpose of this study was to 
investigate the deep offshore Lake Agassiz sediments at the 
Grand Forks landfill and the groundwater flow relationships 
in these sediments to determine the suitability of the 
lacustrine sediments with respect to municipal solid waste 
disposal. These sediments are extensive in the Red River 
Valley of northeastern North Dakota and northwestern 
Minnesota. Much work has been done to identify the 
stratigraphy, texture and groundwater conditions in these 
sediments, but little monitoring work has been done to 
determine the suitability of Lake Agassiz sediments for solid 
waste disposal. The landfill is particularly interesting 
hydrogeologically because it is located in an area where there 
is upward discharge of saline water from the Dakota Aquifer 
which subcrops near the landfill. The shallow groundwater in 
the area is known to be very saline. These combined geologic 
and hydrogeologic features make the area a rather unique one 
in which to carry out a landfill investigation. The specific 
objectives of monitoring the Grand Forks Municipal Landfill 
and surrounding areas were: 
1.) To determine the stratigraphy and lithology of 










2.) To determine the hydraulic properties of the 
lacustrine sediments. 
3.) To determine the groundwater flow regime in the area 
of the landfill. 
4.) To determine the background levels of chemical 
constituents in the saline groundwater in the area 
of the landfill. 
5.) To determine the levels of chemical constituents in 
the leachate produced from saline water in the 
landfill cells. 
6.) To ultimately determine the effect of the landfill 
on groundwater and surface water in the vicinity of 
the landfill. 
Landfill location and operation.--The Grand Forks 
municipal landfill is located in Grand Forks County 
approximately 4 miles (6.44 km) west of the city of Grand 
Forks, North Dakota (Figure 1). The facility is located a half 
mile north of U.S. Highway 2 (T. 152 N., R.51 w. sec. 35, N 
1/2). The landfill was opened as a municipal landfill in 1962 
and the original property included 160 acres in the northwest 
1/4 of section 35. Shortly after this study was begun in 1983, 
the northeast 1/4 of section 35 was acquired by the city for 
future expansion of the landfill, so the landfill property now 
includes 320 acres of land. Slightly more than 160 acres of 
this land have been filled with refuse in the 27 years that 
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household refuse from Grand Forks and some of the smaller 
surrounding communities as well as household refuse from 
several communities in northwestern Minnesota. 
Municipal refuse is buried in the landfill using the 
trench method of disposal. Trenches are excavated using a drag 
line to a depth of approximately 8 to 9 feet (2.4-2.7 m) below 
land surface. Each trench is approximately 400 feet (121.9 m) 
long and approximately 40 feet (12.2 m) wide and is oriented 
with the long axis in a north-south orientation. The trenches 
are dry when excavated, but receive water shortly after 
excavation from drainage from the sediments exposed on the 
trench sidewalls and from precipitation. This water is trapped 
in the trench and reaches a depth of approximately 2 to 3 feet 
(0.6-0.9 m). The refuse is placed in the trenches and is in 
contact with this water. Each trench is filled with refuse to 
approximately 5 feet (1.5 m) above land surface. After the 
cell is filled a natural compacted soil cover 3 to 4 feet 
(0.9-1.2 m) thick is placed over the refuse. The top of the 
filled and covered cell is about 9 feet (2.7 m) higher than 
the surrounding topography. It is estimated that there are 
approximately 100 trenches or cells in the northwest 1/4 of 
section 35. 
Climate.--The climate of Grand Forks is classified as dry 
subhumid and has a wide variation in temperature during the 
year. Temperatures as high as 109° F ( 42. s° C} have been 
recorded in the summer and -43°F (-41.1° C} has been recorded 
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in Grand Forks in the winter (Hanson and Kume, 1970). Killing 
frosts on average occur from September 25th through May 16th. 
The annual mean precipitation is approximately 19 to 20 inches 
(48.3-50.8 cm) and approximately 4.75 inches (12.1 cm) of this 
precipitation falls between October and March (Jensen, 1972). 
Previous Work.--A number of publications describe the 
geology, groundwater resources and soils of eastern North 
Dakota and, in particular Grand Forks county. Investigations 
of the potential for utilizing Paleozoic carbonates in Grand 
Forks County as a source rock for cement provided information 
about the bedrock geology of the county (Anderson and 
Haraldson, 1968). The bedrock geology was further defined by 
drilling in eastern North Dakota and Western Minnesota to 
determine the uranium potential of bedrock units (Moore, 
1984). Descriptions of the bedrock geology, glacial geology 
and a surficial geologic map were prepared as part of a three-
part county study series carried out in North Dakota by the 
North Dakota Geological survey, North Dakota State Water 
Commission and the United States Geological Survey. The 
geology of the county was described in the Part I geology 
report (Hanson and Kume, 1970). The basic data for drilling 
done for the study, information on existing wells, measured 
water levels and water-sample analyses were presented in the 
Part II ground water basic data report (Kelly, 1968a). The 
groundwater resources of the county were described in the Part 
III groundwater resources report (Kelly and Paulson, 1970). 
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A report on the soils of the county was prepared by the United 
States Department of Agriculture, Soil Conservation Service 
(1981). The Quaternary stratigraphic nomenclature of the Red 
River Valley, which includes Grand Forks County, was 
established by Harris et al. (1974). The information presented 
in a number of papers concerning the management of saline 
soils in the Red River Valley was compiled and reviewed by 
Benz et al. (1976). The stratigraphy of offshore Lake Agassiz 
sediments and a history of deposition of Lake Agassiz 
sediments were provided by Arndt (1977). A surficial geologic 
map of North Dakota, including Grand Forks County, was 
prepared by Clayton et al. (1980). 
A number of articles have been written explaining the 
reactions that occur in a landfill environment, leachate 
chemistry and discussions of the gasses produced during refuse 
breakdown. The chemical reactions in landfills and the 
chemical characteristics of leachate are discussed in several 
excellent articles by Baedecker and Back (1979) and Nicholson 
et al. ( 1983) . Farquhar and Rovers ( 1973) offer a good 
discussion of the types and various stages of gas production 
in landfills. Additional information was obtained from 
Anderson and Ham (1974-75a,b) and from a report by the 
Ministry of Housing and Local Government (1961). 
Geology and Groundwater Resources.--The Grand Forks 
Municipal landfill site in eastern North Dakota is underlain 
at depth by Precambrian granitic rocks. Overlying the granitic 
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basement rocks are bedrock formations of Paleozoic age which 
dip gently to the west (Hanson and Kume, 1970). These 
formations include the Black Island, Ice Box, Roughlock and 
Red River Formations of Ordovician age. The Red River 
Formation subcrops in the site area beneath the glacial drift 
(Figures 2 and 4). The formation, a dolomitic limestone, was 
encountered at a depth of 205 feet (62.5 m) in a test hole 
located south of the landfill (Moore, 1984). 
Basal Cretaceous elastics of the Inyan Kara Formation 
pinch out just west of the landfill (Figures 2 and 4). The 
exact boundary of the eastern edge of the basal Cretaceous 
elastics is unknown due to the lack of deep drilling in the 
area. There is also some confusion as to the eastern extent 
of the unit because sand from the unit was reworked and 
incorporated into the Quaternary sediments that directly 
overlie the Inyan Kara Formation (Anderson and Haraldson, 
1968). 
Approximately 200 to 250 feet (61.0-76.2 m) of Quaternary 
sediments overlie the bedrock formations in the study area. 
The glacial and lacustrine units were identified, described 
and formally named by Harris et al. (1974). The full sequence 
of Quaternary sediments found in the study area was described 
by S.R. Moran in a test hole located 1/2 mile (0.8 km) south 
and 1 1/2 miles (2.4 km) east of the landfill at T. 152 N., 
R. 51 w.,sec. 36, SEl/4, SEl/4, SEl/4 (Harris et al., 1974). 
The Quaternary units begin at the base of the sequence 
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Figure 2. Geologic cross-section (A-A'), Grand Forks 
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with the Marcoux Formation, which is in turn overlain by the 
St. Hilaire Formation and the Red Lake Falls Formation. These 
three units are till deposits resulting from glacial advances 
through the area. The next overlying unit, the Wylie 
Formation, is a lacustrine unit which was deposited in an ice-
marginal lake during the retreat of the ice that deposited the 
Red Lake Falls Formation. The Wylie Formation is overlain by 
the Falconer Formation, a till deposited by an ice readvance 
into the area. overlying the Falconer Formation are the Brenna 
and Sherack Formations. These formations are both fine-grained 
lacustrine units deposited when proglacial Lake Agassiz 
occupied the Red River Valley. The hydrogeology of these two 
lacustrine units was monitored for this study. 
The Brenna Formation was described in detail and formally 
• 
named by Harris et al. (1974). The unit consists of dark gray 
to black, laminated to nonlaminated clay and contains white 
calcareous fragments that range in size from O. 04 to 1. 18 
inches (1-30 mm). The unit is very clay rich, highly plastic 
and has a characteristic slick appearance. Slickensides are 
visible when samples of the formation are broken. The Brenna 
Formation contains between 70 to 95 per cent clay and less 
than 1 per cent sand (Arndt, 1977). The formation has a shear 
strength of less than 500 psf (2,441 kgs/m2 ) and in some areas 
has a blow count of less than one blow per foot (0.3 m) in a 
standard-penetration test (Harris et al., 1974; Arndt, 1977). 
The formation extends north into Canada and the maximum 
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thickness of the unit is unknown, although it is 150 feet 
(45.7 m) thick in Pembina County, North Dakota. In the study 
area the formation is approximately 40 feet (12.2 m) thick 
(Harris et al., 1974). 
The sediments of the Brenna Formation were deposited in 
deep water of the Lockhart Phase of Lake Agassiz (Arndt, 
1977). During this high water phase of Lake Agassiz, streams 
emptying into the lake from the west eroded the Pierre 
Formation along the Pembina Escarpment. These Rivers, 
including the Sheyenne, Goose, Park, Pembina, Maple and Elm 
Rivers, delivered fine-grained sediments into the lake where 
they settled out into the deep offshore portion of the lake 
basin to form the Brenna Formation (Arndt, 1977). 
The Sherack Formation was described and formally named 
by Harris et al. (1974). The unit consists of laminated clay, 
silty clay and silt and includes some minor amounts of sand. 
The unit is reported to become more clay rich in the central 
part of the Red River Valley. Laminations in the unit are 
reported to be only a few millimeters (0.04 in) thick but in 
some places silty laminae may be up to several centimeters 
(0.4 cm) thick (Harris et al., 1974; Arndt, 1977). The clay 
content of the unit is reported to range from 40 to 63 per 
cent and the silt content ranges from 33 to 56 per cent in the 
region that includes the study area (Arndt, 1977). The 
formation is reported to be thickest in Grand Forks County 
where it ranges from 15 to 30 feet (4.6-9.1 m) thick (Harris 
I 
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et al., 1974). The Sherack Formation is exposed at the surface 
in the study area. 
The lacustrine sediments of the Sherack Formation are 
mapped as offshore proglacial lake deposits by Clayton et al. 
(1980). The Sherack Formation was largely deposited during 
the high water Emerson Phase of Lake Agassiz, however, the 
basal portion of the unit may have been deposited during the 
end of the Moorhead Phase (Arndt, 1977). During the Moorhead 
Phase the lake drained and the Brenna Formation was exposed. 
The basal portion of the Sherack Formation, which rests 
unconformably on the Brenna Formation, was deposited during 
rising lake levels of the high water Emerson Phase (Arndt, 
1977). The Pembina and Sheyenne Rivers were largely 
responsible for the sediment input to Lake Agassiz for 
deposition of the Sherack Formation (Arndt, 1977). The Emerson 
Phase was the last phase of Lake Agassiz, and about 9,000 B.P. 
the eastern outlets for the lake were opened and the lake 
drained from the area (Arndt, 1977). The draining of the lake 
exposed the Sherack Formation and these lacustrine sediments 
make up the rather flat surficial topography observed in the 
study area today. 
The surficial soils in the study area are Ojata silty 
clay loams and Beardon silty clay loams (U. s. Dept. of 
Agriculture, 1981). Both of these soil associations include 
very saline to moderately saline soils in Grand Forks County. 
The two associations are located in the eastern half of the 
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County and account for approximately 20 per cent of the area 
of Grand Forks County (Figure 3). 
The Ojata soil occurs on low lying, flat, poorly drained 
areas and is very saline. Man-made drains are common due to 
poor natural drainage. The wate~ table is at or near land 
surface at times during the year. The soil is unsuited for 
crops due to the high salinity. 
The Bearden silty loam is a saline, poorly drained, level 
soil developed on long narrow swells and swales on the lake 
plain. Salinity in this soil is higher on the swells. The 
higher salinity on the swells is a result of increased 
groundwater recharge in the swale areas which causes salts to 
be flushed towards the swells (Benz et al., 1976). Natural 
drainage is poor in areas containing this soil and man-made 
drains are utilized. The soil is suited only for salt tolerant 
crops and will not support most trees or shrubs due to the 
high salinity. 
The usable groundwater resources in the study area are 
limited. The major source of water is the Dakota Aquifer, 
which is under artesian conditions in the eastern portion of 
Grand Forks county. The extent of the subcrop of the 
Cretaceous sediments that make up the aquifer is shown in 
Figure 4. Wells completed in the aquifer in eastern Grand 
Forks County flow under artesian conditions (Figure 4), across 
the areal extent of the subcrop of the Dakota aquifer. Wells 




Figure 3. Extent of saline soils in eastern Grand Forks 
County, North Dakota (modified from USDA, 1981). 
Figure 4. Bedrock geology of eastern Grand Forks County, 
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as 1880 (Kelly and Paulson, 1970). Past flow rates from the 
aquifer have been reported to be as high as 40 to 50 gpm (2.5-
3.2 1/s) for wells that fully penetrate the aquifer, but flow 
rates measured in 1964 by Kelly (1968a), averaged several gpm 
(0.1 1/sec). The heads in the aquifer declined over the years 
due to unrestricted flow of wells. Many of the flowing wells 
identified in the study by Kelly (1968a) have since been 
plugged thereby reducing water loss from the aquifer. This 
reduction in unrestricted flow may result in an increase in 
the heads in the aquifer in eastern Grand Forks County with 
time. 
The area of artesian flow in eastern Grand Forks County 
generally corresponds to the area of salinized soils in the 
County (Figure 4). The salinity of the soils in the County is 
attributed to the upward flow of saline water from the Dakota 
Aquifer and possibly the Ordovician Red River Formation. Kelly 
(1968b) postulated that upward leakage of saline water from 
the Red River Formation occurs into the Dakota Aquifer in 
Grand Forks County because water from the Dakota Aquifer is 
much more saline in Grand Forks County than in other eastern 
counties in North Dakota. Red River Formation water in Grand 
Forks County contains total dissolved solids (TDS) as high as 
11,500 ppm. Dakota Aquifer water in other eastern counties is 
generally less than 3,400 ppm, but in Grand Forks County 
Dakota water is greater than 4,000 ppm and in many samples, 
more than 9,000 ppm. Kelly believes that this is caused by 
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leakage of Red River water through the 30 feet (9.1 m) of 
poorly lithified Cretaceous shale that separates the two 
units. 
The problem of saline soils in Grand Forks County was 
studied extensively by the Agricultural Research Service of 
the U. s. Department of Agriculture during the 1960 's. Numerous 
papers were written on the association between the upward flow 
of water from these formations and the saline soils and about 
possible ways to manage these saline soils (Benz et al., 
1976). Monitoring of hydraulic head distributions in the 
Dakota aquifer and the overlying glacial and lacustrine 
sediments indicated that upward gradients drive the flow of 
saline water upward to the surface. It was determined that 
approximately 0.5 inches (1.3 cm) of water per year flowed 
upward to the shallow subsurface in areas monitored in eastern 
Grand Forks county (Benz et al., 1976). Salt balance 
calculations using salinity existing in shallow groundwater 
can be explained by applying these flow rates over the length 
of time that upward leakage has occurred (Benz et al., 1976). 
Landfill Chemistry.--The following discussion summarizes 
three articles concerning landfill chemistry by Baedecker and 
Back (1979), Nicholson et al. (1983) and Farquhar and Rovers 
(1973). Additional information was obtained from Anderson and 
Ham (1974-75a,b) and from a report by the Ministry of Housing 
and Local Government (1961). 
There are several stages in the decomposition of refuse. 
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These include an aerobic phase, an anaerobic, non-methanogenic 
phase and an anaerobic, methanogenic phase (Farquhar and 
Rovers, 1973). The aerobic phase is relatively short-lived 
especially when moisture is immediately available to begin the 
reactions. Once aerobic bacteria have established themselves, 
aerobic decomposition takes place and carbon dioxide is 
produced as a by-product ( Farquhar and Rovers, 19 7 3) . The 
aerobic respiration of glucose creates carbon dioxide and 
water and the respiration of alanine produces acetic acid, 
ammonia and carbon dioxide (Baedecker and Back, 1979). The 
oxidation of C, N and s species occurs in the presence of 
oxygen to produce bicarbonate, nitrate and sulfate (Baedecker 
and Back, 1979). Soluble salts, including sodium, calcium, 
magnesium and potassium are leached from the refuse. This 
initial stage is relatively short after refuse placement due 
to the rapid consumption of oxygen. During the initial stages 
of refuse placement in a landfill biological oxygen demand 
(BOD) and chemical oxygen demand (COD) are very high. BOD 
values are generally in the thousands of mg/Las are the COD 
values. These levels moderate considerably as the biological 
and chemical reactions in the landfill progress and rapidly 
use up organic matter. 
After the free oxygen is used up the landfill enters the 
anaerobic stage. Microbial decomposition occurs as organic 
mater is attacked by anaerobic microorganisms. As this occurs 
the redox potential is lowered in the cells. The degradation 
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of organic material produces carbon dioxide and ammonia which 
in turn form ammonium, bicarbonate and hydrogen ions. Large 
amounts of carbon dioxide are produced during this stage of 
refuse breakdown (Nicholson et al., 1983). Significant 
dissolution of carbonate minerals can occur at high partial 
pressures of carbon dioxide as carbonic acid is formed. The 
dissolution of carbonate minerals can cause the calcium, 
magnesium and bicarbonate levels in the leachate to rise. 
Gypsum precipitation may result when calcium becomes 
available, thus reducing calcium and sulfate concentrations. 
Carbonic acid may dissociate to bicarbonate and hydrogen ion 
which may cause the pH to be lowered in the leachate 
(Baedecker and Back, 1979; Nicholson et al., 1983). As organic 
compounds including fatty acids, amino acids, and 
carbohydrates break down in the reducing environment, they use 
nitrate, sulfate or organic compounds as a source of oxygen. 
As the environment becomes more reducing nitrate, iron and 
manganese are reduced and iron and manganese become soluble 
in solution. Nitrogen gas and/or ammonia may be produced 
during nitrate reduction. 
In the last stage the landfill cells become extremely 
reducing and a number of reactions begin. Sulfate is reduced 
in this stage, lowering the sulfate concentrations in 
solution. Precipitation of iron sulfides such as mackinawite 
may occur. Methane gas is produced in large quantities as 
carbon dioxide is reduced to methane and acetic acid is 
,, ., 
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degraded. Fermentation of glucose and alanine produces more 
carbon dioxide and ammonia. During this phase landfill gases 
may be composed of 50 to 70 per cent methane and from 30 to 
50 per cent carbon dioxide, with small amounts of nitrogen and 
hydrogen sulfide. The end result of these processes increases 
the concentration of reduced species in leachate. These 
species include ferrous iron, manganese, ammonium, sulfide and 
methane. 
METHODS OF INVESTIGATION 
Field Methods.--A truck-mounted hollow stem auger from 
the North Dakota Geological Survey was used to gather all 
shallow subsurface data at the Grand Forks landfill. The 
Mobile B-50 rig was equipped with a-inch (20.3 cm) hollow stem 
augers and a Shelby tube sampling apparatus that enabled the 
collection of sediment cores at various depths through the 
center of the auger flights. The drill rig was used both to 
gather sediment samples and to drill holes for the 
installation of monitoring wells. 
A total of 59 holes was drilled in and around the 
landfill. Due to the difficult drilling conditions encountered 
in the saturated lake sediments each test hole was not 
described. Subtle variations in sedimentary structures were 
obliterated as the auger mixed the samples that came out of 
the holes. The agitation of the saturated materials turned the 
sediments into mud the consistency of very sticky cement. This 
made collecting representative samples very difficult as well 
as cleaning auger flights and shoveling cuttings. It was 
determined that coring of the sediments was required to 
preserve sedimentary structures present in the lacustrine 
sediments and to obtain representative samples from known 
depths. Due to the limited availability of the drill rig, four 
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test holes were selected for coring. It was expected that the 
stratigraphy is fairly uniform throughout the area and that 
coring of four test holes would be adequate for field and lab 
characterizations. 
Continuous Shelby tube samples were collected from one 
hole on each side of the landfill to a depth of 30 feet (9.1 
m). The locations of the four test holes that were cored is 
shown in Figure 5. The cores from each of the holes were 
extracted from the Shelby tube using the hydraulic extractor 
mounted on the drill rig. Samples were then placed in core 
boxes and taken to the lab for description and analysis. 
Piezometers and water table monitoring wells were 
installed to monitor the hydraulic properties of the 
lacustrine sediments and to enable collection of water samples 
for chemical analysis. All of the piezometers and wells in the 
study were screened in fine-grained lacustrine sediments. 
Two types of piezometers were installed for the project. 
One type was constructed of 2-inch (5.1 cm) schedule 40 PVC 
plastic casing. The 2-inch (5.1 cm) piezometers were used to 
collect water samples, record water levels, and for single 
well response (slug) tests to estimate the hydraulic 
conductivities of the lacustrine sediments. A total of 35 two-
inch (5.1 cm) piezometers was installed in the study area. 
At the beginning of the project it was not known how fast 
the 2-inch (5 .1 cm) piezometers would recover from 
disturbances caused by sampling and slug testing. There was 
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Figure 5. Location of four test holes cored to 30 feet 












-i- ----------'R GFL-28·32 -
\ NET • 
\ . GFL-40-44 
• 
GFL·1·7 
WEST TEST HOLE -- • I 
GFL·33·39 
• 













rt·:r·· ·trttwwnr Ptnmm ~ r ; A ma r rrrrn s . 
LANDFILL 
GFL·11·12 






.........._ SOUTH TEST HOLE 




concern that these wells may take long periods of time to 
recover after these activities, and that accurate water-level 
readings would be impossible to obtain. To avoid this problem, 
additional 1-inch (2.5 cm} PVC piezometers were installed 
adjacent to wells that were screened in sediments that 
appeared to be clay rich. A total of eleven 1-inch (2.5 cm} 
piezometers were installed for head measurements. 
Both the 1-inch (2.4 cm) and 2-inch (5.1 cm) piezometers 
were constructed in the same manner. A 2-5-foot (0.6 to 1.5 
m} length of preslotted 0.02-inch (0.05 cm} screen with one 
capped end was attached to the end of PVC pipe and lowered to 
the desired depth. The PVC pipe was then cut with a hacksaw 
so that approximately 2 1/2 to 3 feet (0.8-0.9 m) of pipe 
extended from the drill hole. A coupling and screw cap were 
glued to the end of the pipe. Washed sand was then shoveled 
into the borehole until the sand covered the screen 
approximately 6 inches (15.2 cm}. Next one-half bag of 
bentonite powder was poured down the borehole to form a seal 
to isolate the screened area from the rest of the borehole. 
The annulus above the bentonite seal to the ground surface was 
filled with neat cement that was brought in by a cement truck. 
A sloped cement pad was placed around each well to eliminate 
ponding of water around each well. 
The water table monitoring wells were constructed of 2-
inch (5.1 cm) PVC plastic pipe and were fitted with a 10-foot 




feet below land surface. rt was anticipated that the water 
tables would be quite high at times of the year due to the wet 
soil conditions observed there. A washed sand pack was 
shoveled into the annulus and a powdered bentonite seal was 
placed over the sand pack. A cement pad, sloped to divert 
water away from the well, was installed at each well. Four 
water table monitoring wells were constructed of 1-inch (2.5 
cm) PVC using 1-inch (2.5 cm) screens slotted using a hacksaw. 
These wells were constructed the same as the 2-inch (5.1 cm) 
water-table wells in all other respects. Construction details 
of the wells used in the study are shown in Figure 6. 
During construction of most of the wells there was a 
problem with the upper part of the hole collapsing and 
bridging the borehole. This made it difficult to insert the 
wells in the holes and prevented the proper placement of the 
sand pack and the bentonite seals. To avoid this problem a 
piece of 6-inch (15.2 cm) plastic sewer pipe was purchased 
and modified by installation of rope handles on one end of the 
pipe. After completion of the holes to the desired depths the 
drill rig was pulled ahead and the 6-inch (15.2 cm) pipe was 
inserted into the hole. The pipe prevented the hole from 
caving and allowed the proper placement of the sand pack and 
bentonite seal. The pipe was then removed and the borehole 
grouted to the surface. 
Nests of piezometers were installed to provide hydraulic 
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Figure 6. Well and piezometer construction detail. 
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determine natural hydrogeochemical relationships as well as 
possible effects on water quality from the landfill. 
Thirteen nests of wells were located in and around the 
landfill. The nests included from 2 to 7 wells with each nest 
containing a water-table well and a deeper well or a series 
of deeper wells. A list of wells is shown in Appendix A (Table 
1) which indicates the type of construction of each well, the 
uses of the well and the interval from which the well is used 
to collect data. The location of the wells and piezometers in 
relation to the landfill is shown in Figure 7. Well nests GFL-
1-7 and GFL-25-27 were installed to serve as upgradient wells. 
Nests GFL-11-12 and GFL-13-14 were installed within landfill 
~ells to measure head relationships and also to collect 
leachate samples from the landfill. Nest GFL 11-12 is located 
in an older cell in the south-central portion of the landfill. 
The exact date that the cell was filled is not known, but from 
air photos it is estimated that the cell was filled in 
approximately 1965. Nest number GFL 13-14 is located in a cell 
in the north-central portion of the landfill. This cell is a 
more recent cell and was probably filled in about 1975. The 
purpose of these nests was to collect leachate samples from 
the two cells in order to characterize the chemistry of the 
landfill leachate. One old cell and a newer cell were chosen 
because it was expected that the leachate would be quite 
different in the two. The older cell was expected to have 
undergone considerable chemical and biological change over 
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time that would affect the levels of chemical constituents in 
the leachate. The more recent cell was expected to reflect 
considerably less breakdown due to the 
breakdown to occur. 
shorter time for 
The remainder of the wells and piezometers were located 
adjacent to the landfill or located in what was considered to 
be a downgradient direction from the landfill. At the time of 
the installation of the wells the exact groundwater flow 
regime was not understood so the nests were located at various 
distances from the landfill to help interpret the flow 
relationships in the area of the landfill. 
The location of each well was surveyed by a city of Grand 
Forks surveying crew using a laser surveying instrument. The 
elevation above sea level was carried from an established 
elevation bench mark and the ground level and top of pipe 
elevation (water-level measuring point) for each well were 
determined so that accurate hydraulic head values could be 
calculated from water level measurements. The pipe elevations 
are listed in Appendix A (Table 1). 
water levels were measured in each of the wells using an 
electric tape. Water-level measurements were made for a 
period of a year in order to observe the possible changes in 
head distribution in the groundwater flow regime during all 
seasons. Measurements were first begun on August 31, 1983 and 
were completed on August 31, 1984. An effort was made to 
collect water-level information at a minimum of every 30 days. 
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During the spring, summer and fall seasons levels were 
measured on a more frequent basis to observe the seasonal 
changes as a result of precipitation events. In the winter 
months after the ground had frozen, water levels were taken 
less frequently because less frequent water-level changes were 
expected during this time. 
The 2-inch (5.1 cm) wells installed for the study were 
sampled on two occasions for general chemical analysis. The 
wells were sampled once in the late summer of 1983 on August 
10th and 11th and again in the spring of 1984 on June 3rd 
through the 5th after the spring recharge event. All wells were 
bailed dry 24 hours in advance of sampling and again the 
morning of the day of sampling. Most wells were sampled in the 
afternoon when enough water had entered the well to obtain the 
amount of sample needed. 
Samples were collected using a PVC bailer and were placed 
in a clean plastic container. Immediately after sampling, pH 
measurements were taken with a Hach model 1975 pH meter. 
Temperature was measured with a stainless steel celsius 
thermometer and conductivity was measured with a Horizon model 
1484-10 conductivity meter. During the second sampling event, 
wells were also measured for dissolved oxygen content using 
a downhole dissolved oxygen probe. All of the instruments used 
were calibrated before and during sampling, if required, 




The samples were filtered through a-micron pref il ters and 
then through 0.45-micron filters to remove any solid particles 
contained in the samples. The samples for general chemistry 
analysis were sealed in plastic collapsible I-liter (1.06 qt) 
containers and stored in iced coolers until they were 
delivered to the lab. The iron and manganese samples were 
filtered and put in 100 ml plastic bottles and preserved with 
nitric acid to a pH of less than 2. Samples collected for 
chemical oxygen demand were preserved with sulfuric acid to 
a pH of less than 2. 
Leachate samples were collected from wells GFL-12 and 
GFL-13 during both sampling events. In addition a leachate 
sample was collected from an open landfill trench in the 
northeastern corner of the landfill (NET-1) in June of 1984. 
During the 1984 sampling event water samples to be 
analyzed for additional parameters, including biological 
oxygen demand (BOD), trace metals, and pesticides were 
collected. Twenty-five samples were collected for selected 
trace metals analysis. These samples were filtered and placed 
in 100 ml plastic bottles. Nitric acid was added to the 
samples to bring the pH to less than 2 so that the metals 
would be fixed. Thirty-seven samples for biological oxygen 
demand (BOD) were collected and placed in I-gallon (3.8 1) 
plastic collapsible containers. These samples were iced down 
in a compartment built in the sampling van and delivered to 
the lab within the required 24-hour time period. Twenty-six 
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wells were sampled for six of the Safe Drinking Water Act 
pesticides. These samples were placed unfiltered in 1-guart 
(0.95 1) canning jars and were quickly sealed with screw-top 
canning rings and covers with tin foil seals between the jar 
and the rings. 
All of the samples were analyzed at the North Dakota 
State Health Department Laboratory in Bismarck, North Dakota 
except for the trace metals collected during the 1984 sampling 
event. These samples were sent to Pace Laboratories, Inc. in 
Minneapolis, Minnesota. All samples, were either shipped 
immediately after collection by bus in iced coolers, or driven 
to the laboratory. 
In addition to the wells sampled during the study, 
surface water sources adjacent to the landfill were sampled 
to help determine if the landfill was affecting the chemical 
quality of surface water in ditches surrounding the landfill. 
Two samples were collected from water standing in the drainage 
ditch immediately north of the north central portion of the 
landfill (samples ND-1 and ND-2). A possible leachate seep or 
spring was sampled on the north face of the English Coulee 
diversion ditch along the southern edge of the landfill (SEP-
1). Another sample was collected at the bottom of the English 
Coulee diversion ditch directly below the possible leachate 
seep. The water accumulated in the bottom of the drainage 
ditch was from the seep. 
In addition to the wells installed in and around the 
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landfill, two artesian wells located west of the landfill in 
Grand Forks County were sampled to determine the water 
chemistry in the Dakota Aquifer and to compare the water with 
that of the shallow groundwater in the study area. 
Hydraulic conductivity was measured in 32 of the 
piezometers using single-well-response tests developed by 
Hvorslev (1951). During these tests a slug constructed from 
a steel pipe was used to raise the water level in the well by 
1. o meter (3. 3 ft). A "half slug" was constructed for 
measurement of wells which did not contain enough water to 
submerge the full slug. The smaller slug raised the water 
level in a 2 inch (5.1 cm) well by 0.5 meter (1.6 ft). 
Before the test began the water level was measured and 
recorded. The slug was then rapidly lowered into the well so 
that an instantaneous rise in the water level occurred. The 
time that the slug was lowered into the well was recorded and 
rapid measurements of water levels in the well began using an 
electric tape. Measurement of water levels continued as the 
level returned to equilibrium. The water levels and the 
corresponding times of measurement were recorded. The data 
were later used to calculate a value for hydraulic 
conductivity using the following formula developed by Hvorslev 
( 1951) : 
K == r 2 ln (L/R} 
2 L T0 
where Lis the length of the screen; R is the radius of the 
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piezometer intake; r is the radius of the piezometer; and T0 
is the basic time lag for 37 per cent recovery. 
A number of the wells in the study area did not contain 
enough water to perform the test and no attempt was made to 
use the test in the 1-inch {2.5 cm) wells as they were too 
small in diameter. 
Gas samples were collected on one occasion from the two 
cells that also contained groundwater monitoring wells. The 
samples were collected from gas sampling tubes that were 
constructed of 1-inch (2.5 cm) PVC pipe. The tubes were made 
by slotting the bottom one foot (0.3 m) of the pipe with a 
hacksaw. A rubber lab stopper was forced into the bottom end 
of the pipe to stop the end. A hollow metal 1-inch {2.5 cm) 
pipe was sharpened on the end with a file to be used as a 
coring tool. The pipe was driven with a hammer into the 
compacted soil cover near the piezometer locations and a core 
of cover material was removed. The screened end of the PVC 
pipe was inserted into the hole and was pushed down until the 
screened interval just penetrated the bottom of the cell cover 
material. The soil around the PVC pipe was tamped with a 
mallet to make a tight fit around the pipe. The top end of the 
PVC pipe was then cut to extend approximately one foot {0.3 
m) above the cover and fitted with a rubber lab stopper that 
had a short flexible rubber hose with a gas sampling nipple 
on the end. A screw type clamp was used to pinch the flexible 
rubber tube to isolate the tube from the atmosphere and to 
,. 
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allow the tube to be accessed for sampling. The construction 
of the tubes is shown in Figure 8. 
The tubes were installed on August 17, 1984 and were 
sampled on November 20, 1984. To obtain a gas sample the 
nipple of the gas sampling syringe was attached to the nipple 
on the flexible rubber hose on the gas sampling tube, and the 
clamp opened. The plunger on the gas syringe was drawn back 
so that gas was removed from the tube into the syringe. The 
clamp was then closed on the sampling tube and the gas from 
the syringe forced into a manufactured gas sampling bag. The 
samples were then taken to the laboratory where they were fed 
into a GC mass spectrometer machine for analysis. 
Laboratory Methods--Representative sediment samples were 
selected for textural analysis from cores taken using Shelby 
tubes from four test holes drilled to 30 feet (9.1 meters) on 
each side of the landfill. Thirty-two samples were analyzed 
for texture using the hydrometer method. The method was used 
to determine the gravel, sand, silt and clay percentages in 
each of the samples. A detailed description of the method can 
be found in Appendix B. 
Clay mineralogy contained in the lacustrine sediments in 
the area of the landfill was investigated by sampling the 
clay-size fraction of samples collected from the cores. Clay-
size particles were collected using a method outlined by Folk 
(1980) which is described in detail in Appendix c. The clay 













(approx. 3' thick) 
'\ -- 7 ') _, _ _/ -
'-\. ..-- r ~ 1' Length 1 .,.; 
f ---- Slotted with ~ -
l .....-. Hacksaw -
( - s' _..,-"<,. 
I _./' \ -,_, :::.,...i 










Phillips X-Ray diffraction machine. 
The bulk mineralogy of the lacustrine sediments was 
determined in the lab at the University of North Dakota 
Geology Department using the Phillips X-Ray Diffraction 
machine. Samples were ground to a fine powder and mounted and 
top-loaded into the XRD machine for analysis. The resulting 
diffractograms were compared to standards in the lab and to 
Carroll (1970) to identify the major minerals present in the 
samples. 
The cation exchange capacity of the lacustrine sediments 
was determined in the laboratory at the Soils Department at 
North Dakota State University in Fargo, North Dakota. The 
samples were analyzed using the ammonium acetate method 
outlined in the United States Department of Agriculture 
Agricultural Handbook No. 60 (1954). A more detailed 
description of the method can be found in Appendix D. 
The gas samples collected from the gas sampling tubes 
located in two of the landfill cells were analyzed on a GC 
Mass Spectrometer at the Energy Research Center in Grand 
Forks, North Dakota. The samples were fed into the machine 
from the gas sampling bags that they were stored in when the 
samples were collected. The machine identified the gasses 
present in the sample, the mole per cent of each gas, the 
specific gravity of the sample and the calculated heating 
value in British Thermal Units (BTU's). 
., 
RESULTS 
Stratigraphy.--Analysis of the core samples taken from 
the four test holes indicated that the thickness and types of 
sediments were fairly uniform throughout the study area as 
would be expected of deep offshore lacustrine sediments. The 
lithologic descriptions of each hole are shown in Appendix E. 
The first formation encountered during drilling was the 
Sherack Formation. The upper 5 to 6 feet (1.5-1.8 m) of the 
formation consists of silt to silty clay lacustrine sediments. 
The interval was yellow-brown to brown and generally appeared 
to be oxidized, although portions at the base of the interval 
showed some mottling. Thin laminations present in the material 
were, for the most part planar, but were in some areas faintly 
cross laminated. Toward the base of the interval thick platy 
deposits of iron oxide were found along horizontal laminations 
(Figure 9). These precipitates appeared to be an amorphous 
material that did not incorporate much material from the 
surrounding sediments. In all of the test holes gypsum 
crystals near the base of the interval included either sand-
size particles found along weaknesses in bedding planes or 
larger nodular growths which cut across laminations. 
Just below the silty-clay interval lies a more massive 




Figure 9. Photograph of iron oxide deposits. Photogra&*I 
shows 'platy' iron oxide deposits at the base of the upperl 
silt loam of the Sherack Formation. The exposure was located] 




silty clay to clay unit. The interval began at between 5 to 
6 feet (1.5-1.8 m) below the surface and extended to 8 to 9.5 
feet (2.4-2.9 m) below land surface. oxidation was observed 
along fine discontinuous sets of fractures extending both in 
horizontal and vertical directions. Dried samples of the core 
from this interval crumbled along these oxidized fractures. 
Root casts were also present in the interval and formed small 
diameter hollow tubes. The tubes were formed when roots died 
and decayed leaving small holes in the sediment. Iron was 
deposited along the holes creating small iron-oxide lined 
tubes. Portions of the deposits appeared black in color in 
places and may contain manganese oxide. The material 
precipitated along the tubes often extended into the 
surrounding sediment approximately 0.25 inch (0.6 cm). 
At approximately 8.0 to 9.5 feet (2.4-2.9 m) below land 
surface an interval began which consists of alternating layers 
of nonoxidized, gray silty clay to clay. The interval extends 
to approximately 22 to 25. 5 feet ( 6. 7-7. 8 m) below land 
surface, for an average thickness of 15 feet (4.6 m). The silt 
layers are from 0.04 to 1.18 inches (1 mm-3 cm) thick. The 
interval is classified as a rhythmite deposit formed by a 
seasonally alternating influx of course and fine sediments 
into the lake. The interval does not contain any fractures or 
indications of oxidation, although in one of the cores there 
was an oxidized root cast at depth of 12 feet (3.7 m). At the 




is an interval approximately 2.8 to 3.5 feet (0.8-1.1 m) thick 
which consists of very finely laminated, unoxidized, silt to 
silty clay material. The laminations measured less than 0.8 
incn (1 mm) in thickness. The material was light gray in color 
and crumbled very easily when dried. 
The deepest lithology encountered in the test holes was 
a dark gray massive clay. The clay was very dense and 
contained numerous white calcareous specks. Under the hand 
lens small micro-slickensides were observed in freshly broken 
surfaces. This unit is assigned to the Brenna Formation 
(Harris et al., 1974). 
Textural Analyses.--Textural analyses were performed on 
representative samples taken from the cores collected from the 
four test holes. Samples were collected from each of the four 
distinctive zones identified in the Sherack Formation and 
from the upper Brenna Formation. Thirty-two samples were 
analyzed for textural character according to the method 
described in Appendix B. The percentages of sand, silt and 
clay of each of the samples are listed in Appendix F (Table 
2). The information obtained from these analyses was plotted 
on a USDA trilinear diagram (Figure 10). 
Samples from both the Sherack and Brenna Formations are 
composed primarily of silt and clay and contain very little 
sand. As a result of the lack of sand in the two formations 
all of the plots of the textural data lie on the far right 
side of the trilinear diagram. The location of the data points 
'I '-
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Figure 10. USDA textural classification of Sherack and 
Brenna Formation samples. 
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on the right boundary of the diagram is controlled by the 
relative amounts of silt and clay in each sample. 
Data from samples from the upper silty interval in the 
Sherack Formation, generally found in the first 5 feet (1.5 
m) below land surface, showed that the interval is a silt 
loam. Samples collected from below this inte1val, from 
approximately 5 to 25 feet (1.5-7.6 m), included the 
non laminated interval directly below the silt loam and the 
rhythmite interval. Textural data from this interval indicate 
that the samples are either silty clay loam, silty clay or 
clay. One of the samples was classified as a silt loam. The 
samples from the upper part of the interval contain higher 
silt percentages and were classified as silty clay loam or 
silty clay. Samples analyzed from the lower portion of the 
interval contained more clay and are classified as silty clay 
or clay. The faintly laminated material at the base of the 
Sherack Formation contains much more silt and plots in the 
silt loam or silty clay loam portion of the diagram. The 
samples from the upper portion of the Brenna Formation plot 
near the top of ~he trilinear diagram indicating nearly 100 
per cent clay. 
The textural data indicate 
conditions laterally throughout 
fairly uniform textural 
the study area. Four 
distinctive vertical zones can be correlated within the 
Sherack Formation in all four of the test holes cored for the 
study. The samples from the Brenna Formation also show very 
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similar textural character throughout the study area. 
The vertical variability in texture and sedimentary 
structures in the Sherack and Brenna Formations indicates 
variation in influx of sediment types and depositional rates 
in offshore Lake Agassiz. 
Clay Mineralogy.--Eight representative samples were 
prepared from cores collected from the south test hole to 
determine clay mineralogy. A portion of the sample retained 
from the core for textural analysis was used to prepare the 
clay mounts for XRD. The sample depths, therefore, correspond 
to those for the textural analysis of the eight samples from 
the south test hole. The diffractograms from the eight samples 
were reproduced from reductions of the original diffractograms 
(Figures 11-14) . 
To determine the presence of smecti te minerals, including 
montmorillonite, each sample was run in an air dried and then 
a qlycolated state. Glycol causes the clays to hydrate and 
results in a shift in the basal d spacing. The results of the 
glycolated sample diffractograms are superimposed on the air-
dried diffractogram in the figures to show the shift in the 
smectite clays due to glycolization. 
The diffractograms indicate that illite, kaolinite, 
chlorite and montmorillonite are present in all samples. Also 
present are clay-size particles of muscovite and quartz. The 
most intense peaks were those present due to smecti te or 
montmorillonite. 
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Figure 11. XRD diffractograms of clay samples S-1 and 
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An attempt was made to determine whether the montmorillonite 
in the samples was a calcium, magnesium or sodium type by 
comparing the diffractograms from the study samples to 
standards of each type of clay available in the lab. The basal 
d spacings for the montmorillonite peak did not correspond to 
the basal d spacings of any of the standards. Further 
literature research indicated that several authors including 
(Childs, 1969) and (Hendricks et al., 1940) have found that 
the basal d spacing varies considerably with relative 
humidity. The relative humidity was not controlled in the lab 
when the samples were run, so the d spacings were probably 
more an indication of the hydration of the sample due to 
humidity than of the dominant .ion present on the lattice of 
the clay particles. 
No attempt was made to quantify the amounts of individual 
clay minerals present. Various methods of quantification have 
been suggested to measure the amounts of each clay mineral 
from diffractograms (Pierce and Siegel, 1969). The amounts 
are generally estimated from the intensity of the peak and the 
area within the peak on the graph. Visual assessment of the 
diffractograms indicates that montmorillonite is the most 
abundant clay mineral present in the samples analyzed from the 
Sherack and Brenna Formations. 
Bulk Mineralogy.--To determine the gross mineralogy of 
the sediments in the Sherack and Brenna Formations twelve 
samples were prepared for XRD analysis. The samples were 
---------------- -
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selected from the core retrieved from the south test hole 
(Figure 5). 
The analysis of ground bulk samples was used to determine 
the minerals present in the silt and sand fractions. The sand 
content of the samples is very low, so the bulk mineralogy 
determinations primarily indicate the composition of the silt-
size fraction. 
Minerals identified, other than clay, include quartz, 
dolomite, plagioclase feldspar, potassium feldspar, muscovite, 
calc~te and gypsum. Quartz, dolomite and the feldspars 
generally had the most intense peaks on the diffractograms. 
Gypsum was present only in the uppermost sample (BMS-1) 
collected from 2 feet (0.6 m) below land surface. Calcite was 
present in BMS-2 and BMS-3 and in samples BMS-9 and BMS-10. 
Hydraulic Conductivity.--Hydraulic conductivity of the 
saturated sediments in the study area was measured in the 
field using single-well response tests on a total of 32 
piezometers. The results are shown in Appendix G (Table 3). 
Field data from four selected single-well response tests (one 
from each depth monitored) are shown in Appendix N (Table 
10). 
seven wells screened from 3 to 5 feet (0.9-1.5 m) below 
land surface in the silt loam of the upper portion of the 
Sherack Formation were tested. The hydraulic conductivity 
values obtained ranged from a high of 1. 4 x 10-5 m/s ( 4. 6 x 105 
ft/s) to a low of 3 .1 x 10-6 m/s ( 1. o x 10-5 ft/s) • The average 
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of the seven values was 9. 9 x 10·6 m/s (3. 3 x 10·5 ft/s). 
Values for the wells screened from 6 to 8 feet {l.83 -
2.44 m) in depth range from a low value of 1.3 x 10·7 m/s (4.3 
x 10·7 ft/s) to a high value of 1.1 x 10·6 m/s (3. 6 x 10·6 ft/s) . 
The average of the seven response tests was 2. 2 x 10·6 m/s (7. 2 
x 10·6 ft/s) • These wells were screened in Sherack Formation 
·sediments that were classified as either silt loam, silty clay 
loam or silty clay. 
The hydraulic conductivity of the upper rhythmite 
interval in the Sherack Formation was measured in 11 wells 
screened from 10 to 15 feet (3.1-4.6 m). The highest value 
obtained was 1.1 x 10·6 m/s (3.6 x 10·6 ft/s) and the low value 
was 3. 2 x 10·8 m/s ( 1.1 x 10·1 ft/s) . The average of the eleven 
test results was 4.1 x 10·7 m/s (1.3 x 10·6 ft/s). 
The three wells that were screened from 25 to 30 feet 
(7. 6-9 .1 m) were tested and yielded hydraulic conductivity 
values that ranged from 6.9 x 10·1 m/s (2.3 x 10·6 ft/s) to 8.6 
x 10·10 m/s (2. 8 x 10·9 ft/s). The three wells were screened 
partially in the basal Sherack Formation and partially in the 
upper portion of the Brenna Formation. Well GFL-6 is probably 
screened deeper in the Brenna Formation than the other wells, 
llhicb •ay be the reason for the much lower hydraulic 
conductivity value. The average of the three values measured 
for hydraulic conductivity is 5. 4 x 10·1 m/s ( 1. 8 x 10·6 ft/s) • 
It may be more accurate to exclude the value of the well 
acreened deeper into the Brenna Formation and average the two 
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. 
wells that are screened mostly in the basal Sherack Formation. 
This average yields a hydraulic conductivity value of 8.1 x 
10·1 m/s (2. 7 x 10·6 ft/s). 
The two wells screened in the refuse, GFL-12 and GFL-13, 
were tested also. The hydraulic conductivity values for these 
wells were 2. 7 x 10·7 m/s ( 8. 9 x 10·7 ft/s) and 1. 5 x 10·6 m/s 
(4.9 x 10·6 ft/s) respectively. It is interesting to note that 
these values are within the range of values that were 
calculated from tests performed on natural sediments 
surrounding the landfill. 
Cation-Exchange-Capacity Analysis. --A total of 20 samples 
taken from Shelby-tube cores were analyzed to determine the 
cation-exchange-capacity of the sediments. Five samples were 
taken from each of the test holes from which continuous cores 
were collected. The samples were analyzed at the Soils Lab at 
the Soils Department at North Dakota State University using 
the ammonium acetate method described in Appendix D. 
The results of the analysis are shown in Appendix L 
(Table 8). The results show that in general the samples that 
contain the higher amounts of clay correspond to the higher 
cation-exchange-capacity values, however this was not always 
the case. Considerable variability was seen in the values. The 
lowest CEC values were associated with the samples taken from 
the upper silt loam interval in the Sherack Formation. The 
clay content of the four samples taken from this interval 
ranged from 13.8 to 18.3 per cent from the textural analysis 
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results. The amounts of clay in these samples were among the 
lowest of all of the samples. The CEC values from the 
interval, which ranged from 10.3 to 15.0 meq/lOOg were also 
the lowest among the samples analyzed for CEC. 
The samples from the 7, 10 and 13 foot (2.1, 3.1 and 3.9 
m) depths in the Sherack Formation ranged from 29.4 to 81.9 
per cent clay. The CEC values of samples from these intervals 
ranged from 24.8 to 34.4 meq/lOOg. In this group of samples 
there was considerable variability in the CEC values with 
re.$pect to clay content. Often samples that had approximately 
10 to 20 percent more clay had CEC values that were only 2 to 
3 meq/lOOg higher. 
The samples from the Brenna Formation ranged from 95.6 
to 97.6 per cent clay. These samples also had the highest CEC 
values of all the samples analyzed, ranging from 39.3 to 45.0 
meq/lOOg. 
cation-exchange values in excess of 10 meq/lOOg are 
considered to be high (Buol et al., 1980). High CEC values are 
generally attributed to the amounts and type of clay present 
in the sediment. CEC values for kaolinite range from 3 to 15 
meq/lOOg. Illite and chlorite have ranges of 10 to 40 meq/lOOg 
and the smectite group, which has the highest CEC values, 
ranged from 80 to 150 meq/lOOg (Grim, 1968). 
The abundance of smectitic clays in the Lake Agassiz 
sediments is believed to be responsible for the relatively 
high CEC values in the samples. The other clays minerals are 
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present in lesser quantities and have much lower CEC values. 
They contribute to the total CEC of the sediments, but to a 
much lesser degree. 
Clay minerals may not be the only contributor to the high 
CEC observed in sediments (Carroll, 1958). It has been 
reported that other common minerals, including feldspar and 
quartz may also contribute to the CEC of sediments. Apparently 
the silt-size fraction of these minerals as well as the clay-
size particles can contribute to CEC. The feldspars may have 
a,CEC that ranges from 1.0 to 2.0 meq/lOOg and quartz has been 
reported to have CEC values that range from O. 6 to 5. 3 
meq/lOOg. The organic content of sediments may also contribute 
to CEC. The presence of ferric oxides on particles can greatly 
increase the CEC of sediments (Carroll, 1958). This factor may 
be important in the oxidized sediments of the Sherack 
Formation. 
Hydrogeology.--Groundwater flow conditions in the study 
area were determined by measuring hydraulic head values in 
the piezometers and monitoring wells installed for the study. 
Water levels in all of the wells and piezometers installed 
(Figure 7) were measured on twenty-six dates over the course 
of one year to determine seasonal changes that might occur in 
the groundwater flow system in the area. The elevations of the 
water levels in the wells are listed in Appendix M (Table 9). 
Hydraulic head values were plotted on hydrographs for the 
three piezometer nests that contained wells at four different 
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depths, and for the two nests located in the landfill cells 
to determine seasonal hydraulic head changes at these 
locations. Hydrographs were prepared for nests GFL-1-7 and 
GFL-33-39 (Plate 1), for nest GFL-53-59 and GFL-15-19 (Plate 
2) and for nests GFL-11-12 and GFL-13-14 (Plate 3). Each 
hydrograph shows the changes in hydraulic head for each set 
of nested wells and also displays precipitation amounts (in 
inches) received in the area. Precipitation records (National 
Oceanic and Atmospheric Administration, 1983-84) are the 
amounts of precipitation recorded daily at the Grand Forks 
International airport located 1 mile ( 1. 6 km) west of the 
landfill. 
Hydrographs from nests GFL-1-7, GFL-33-39 and GFL-53-59 
show that there was considerable variation in the shallow 
water levels in the study area throughout the year. Annual 
changes of as much as nearly 7 feet (2.13 m) were observed in 
some of the well nests during the year-long study. Water-table 
wells and the piezometers screened from 10 to 15 feet (3.1-
4.6 m) generally responded rather rapidly to precipitation 
events with water table and hydraulic head increases. The 
wells screened from 25 to 30 feet (7.6-9.1 m) did not respond 
to individual precipitation events and show much more subdued 
head changes occurring over several months of time. Heads in 
these wells rise moderately during the summer, after spring 
and early summer recharge events. 
Rises in the water table and heads in the shallow wells 
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were followed shortly thereafter by declines in both during 
frost free months. The largest drop in the local water table 
occurs in the late fall and winter months. During these months 
the ground is frozen and evaporation and transpiration are not 
a major factor in the loss of water. All of the hydrographs 
from nests in undisturbed settings show that the water table 
begins to drop sharply in November. The water table reaches 
its lowest level in January or February. In April a dramatic 
rise in the water table occurs to levels as high or higher 
tnan those of the previous fall. 
Hydrographs from nests GFL-11-12 and GFL-13-14, located 
in landfill cells, did not exhibit the seasonal fluctuations 
that were seen in the well nests located away from the 
landfill. Generally both nests showed that water levels in the 
cells did not change very much during the year. Each of these 
nests consisted of a water-table well and a piezometer 
screened at the base of the refuse in the cell. Water levels 
in both of the cells are approximately 2 to 4 feet {0.6-1.2 
m) higher than the surrounding area during periods when the 
water table is high and approximately 4.5 to 8 feet (1.4-2.4 
m) higher during the winter when the surrounding water table 
is lowest. Based on the two cells monitored for this study, 
the results indicate that groundwater is mounded within the 
landfill {Figures 15-16). Although seemingly little change 
occurred in the wells throughout the year some minor movements 
in water levels were observed. In the wells in the older cell 
' ,. 
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Figure 15. Contoured water-table elevations on October 
18, 1983. 
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(GFL-11-12) it was noted that a rise in the water table of 
nearly a foot (0.3 m) occurred in the cell in June, 1984 after 
several closely spaced precipitation events. The head 
differences in the cell were very slight, but the gradient was 
consistently upward in the cell during most of the study. 
After heavy precipitation, however, there was recharge to the 
cell and the gradient was reversed. 
In the younger cell (GFL-13-14), hydraulic heads in both 
wells were nearly identical during the summer and fall of 
1983, with only very minor fluctuations. During the fall and 
winter of 1983 and 1984 a slight upward gradient was present. 
During the spring and summer of 1984 the water table well had 
a slightly higher head than the well at the base of the cell 
and the water levels rose very slightly. 
The wells in nest GFL-15-19 are located immediately north 
of the north central portion of the landfill, within 20 feet 
( 6 .1 m) of filled landfill cells. The water table at this 
location is somewhat higher than that of the well nests 
located farther from the landfill. The water table reacts to 
precipitation events as in other nests outside the landfill, 
but the water levels recede again to higher levels than in the 
other nests installed (GFL-53-59, GFL-33-39, GFL-28-32). 
Cross sections through the landfill and equipotential 
maps were constructed to display the hydraulic heads (Figure 
17). The hydraulic head values at six different times were 
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construct the cross sections a vertical exaggeration of 33 
times was used. Caution must be used in interpreting the maps 
as the vertical exaggeration also tends to overemphasize 
lateral groundwater flow. 
The equipotential maps (Figures 18-23) show that the 
groundwater flow regime is transient throughout the year and 
that even within a time span of several days the head 
distribution can change considerably. On the first map (Figure 
1 18), which shows the hydraulic head distribution on September 
10, 1983, the head distribution indicates an upward gradient 
in most of the areas away from the landfill with the exception 
of the area around GFL-22-24 south of the landfill where 
downward gradients exist. Near the landfill edges very strong 
gradients exist. The apparent gradients inferred below the 
landfill indicate downward flow in the area. 
Several days after the date of the first map more than 
1 1/2 inches (3.8 cm) of precipitation occurred. On October 
18, 1984, the wells were measured again and a substantial 
rise in the water table was noted. The gradients now indicate 
downward flow in the area surrounding the landfill (Figure 
19), a reversal in hydraulic head distribution from the 
previous map. The rise in the water table in the area 
temporarily reduces the strong gradients from the landfill as 
the head values in the surrounding wells increase. The 
hydraulic heads in the deeper wells increased by from 0.6 to 
0.7 feet (0.2-0.2 m) from September. 
76 






,GFL- 25-29 GFL-20-24 m 
• si C 
Al -




34.88 I I 836.31 ~ 
! I \ 




Vertical Exaggeration 33x 
B 




830~ t / :I silty clay '- 8 3 I I 4-... .. 834'.81 (----833.8 ! 
820 
_c~ _835_ \ / 
8 5.06 
810.J I clay 






- - 835 -----
water table 








2. water table 
- - 835 - - equipotential line 
----~ flow direction 
GFL-13-14 
-- ~ -.n ~-, _...__.... .._..,_ • .,..,,• 
A' -258 
254 
833.89 // l.?.;i, _ 
V 't '- I 832-95 '83 250 
4-
834.33 




' 834 5 I . 




























Figure 19. Equipotentials on October 18, 1983. 
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Figure 23. Equipotentials on August 31, 1984. 
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By November 19, 1983 the flow system in the area seemed to 
become nearly stagnant as the downward gradients began to 
dissipate (Figure 20). Heads in the deeper wells increased 
from 1.1 to 1.4 feet (0.3-0.4 m) over the previous September 
hydraulic head values. This set of water levels was probably 
the last set of readings recorded before the frost started to 
form in the ground. 
The December 28, 1983 equipotential map shows a 
dramatically lowered water table and a complete reversal in 
gradients to an upward direction (Figure 21). The inferred 
gradients below the landfill still indicate downward flow, 
but the gradients are much reduced. The hydrographs indicate 
that this upward gradient continues to be prevalent all 
through the winter months until spring. 
The next map, prepared from May 2, 1984 data (Figure 22), 
indicates the hydraulic head distribution after the spring 
recharge event. The hydraulic heads are reversed from the 
winter distribution and indicate downward flow. This situation 
seems to persist, with varying intensity, through the majority 
of the summer. By August 31, 1984, during a dry period at the 
end of the study, the head distribution reversed again to 
produce an upward gradient (Figure 23). 
Groundwater Chemistry.-- The 
chemical analyses (Appendix H, 
results of the general 
Table 4) indicate that 
groundwater is very saline in the study area. Even those wells 
considered to be upgradient of any possible effects of the 
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landfill had very high salinity levels. Several of the samples 
equaled or exceeded the approximate TDS for seawater (35,000 
mg/L) and a number of samples approached this concentration 
(Freeze and Cherry, 1979). The total dissolved solids (TDS} 
in the 1983 samples ranged from a low of 3,940 mg/L to a high 
of 36,200 mg/L. The average TDS value for the set of samples 
was 25,478 mg/L. In the 1984 samples the TDS ranged from 2,410 
mg/L to 34,300 mg/Land averaged 23,991 mg/L. The very low 
values for TDS within the range were anomalous and are not 
representative of the general conditions in the shallow 
groundwater in the study area. The samples of leachate from 
the landfill cells are not included in the averages. 
Groundwater was found to be very high in the major anions 
and cations including sodium, calcium, magnesium, chloride 
and sulfate. The 1983 samples were classified by plotting the 
data on a trilinear diagram (Piper, 1944). The results are 
shown in Figure 24. The relative per cents of cations 
expressed in meq/L including calcium, magnesium and sodium, 
are plotted on the triangle on the lower left side of the 
diagram. The grouping of data points is slightly skewed toward 
the sodium side of the diagram but in general the 
concentrations of the three cations are such that no one 
cation can be called dominant. 
The major anions, including bicarbonate, sulfate and 
chloride, are displayed on the triangle on the lower right 
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is the dominant anion in all samples relative to sulfate and 
bicarbonate. Data points from both triangles were extrapolated 
to the upper central portion of the diagram to determine the 
groundwater chemical facies. The data points grouped very 
tightly in the area classified as sodium, calcium, magnesium 
chloride water. 
Concentration profiles were prepared for each of the well 
nests to determine vertical chemical profiles (Figures 25-36). 
Data from both the August 1983 and the June 1984 sampling 
events are included so that any seasonal changes in the water 
chemistry might be noted. 
Generally the profiles show that the concentrations of 
total dissolved solids (TDS), sodium, magnesium and potassium 
decrease with depth. Calcium concentration trends are somewhat 
irregular near land surface with some nests showing increases 
in the most shallow wells and some showing decreases. 
Although there seems to be a general trend that 
concentration levels decrease with depth there are exceptions 
to this generalization at some of the nests. At nest GFL-20-
24 for instance, there is an increase in concentration with 
depth for TDS, Na, Ca and Mg. In well nests GFL-40~44 and GFL-
15-19 there are reductions in the level of TDS in the near 
surface well. In a total of six of the nests there are 
reductions of sodium near the surface. In general, however, 
there seems to be a definite trend of increasing concentration 
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Figure 26. Calcium concentration profiles. 
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Figure 27. Magnesium concentration profiles. 
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Figure 28. Sodium concentration profiles. 
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Figure 29. Potassium concentration profiles. 
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Figure 30. Chloride concentration profiles. 
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Figure 32. Bicarbonate concentration profiles. 
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Figure 35. Ammonium concentration profiles. 
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Figure 36. Nitrate concentration profiles. 
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Both of the major anions sulfate and chloride, decrease 
with depth, although nests GFL-20-24, GFL-15-19 and GFL-40-44 
are exceptions to this trend. There is also a general decrease 
in bicarbonate concentration with depth in most of the well 
nests with the exception of nests GFL-15-19, GFL-20-24, GFL-
40-44 and GFL-49-52. As with the cations, the anion 
concentrations in the wells at nest GFL-25-27 show much 
reduced concentrations. The nitrate concentrations generally 
decreased with depth but often the highest levels were seen 
in the 6 to 8 foot (1.83-2.44 m) wells while the 
concentrations in the 3 to 5 foot (0.9-1.52 m) wells were low. 
Iron, manganese and ammonium exhibited similar behavior 
in the concentration profiles. In the very shallow wells 
screened from 3 to 5 feet (0.9-1.5 m), and the wells screened 
from 6 to 8 feet (1.8-2.4 m), these species were at very low 
levels. In the 10 to 15 foot (3.1-4.6 m) wells the levels of 
each increased considerably in most wells. In most of the deep 
wells screened from 25 to 30 feet (7.6-9.1 m) these species 
were at maximum levels. 
The concentration profiles indicate that some changes 
occurred in the concentrations of the groundwater between 
sampling events. In nearly all well nests the TDS levels were 
lower in spring 1984 than in August 1983. The average TDS ' 
values for the samples from each sampling period declined from 
25,478 mg/L to 23,991 mg/L, which is an average reduction of 
1,487 mg/Lin TDS between the two groups of samples. 
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Attempts were made to contour the concentration values of 
chemical constituents on base maps of the landfill area. No 
distinct areal trends were observed and the data contain many 
random high and low values. High as well as low values for 
various constituents existed next to the landfill as well as 
away from it. 
Leachate Chemistry.-- The highest levels of many of the 
constituents measured occurred in the leachate samples from 
the landfill cells {Appendix H, samples GFL-12, GFL-13 and 
NET-1) • Leachate analyses were studied to determine what 
indicators might possibly be used to determine the effect of 
the landfill on the groundwater surrounding the site. 
The leachate analyses indicate that there are marked 
differences in the leachate chemistry relative to the 
groundwater chemistry in the surrounding undisturbed area. 
The samples from the more recent cell in the north central 
portion of the landfill (samples GFL-13) show that the TDS in 
the leachate is generally higher than in the background 
groundwater. The levels of ammonium, iron, manganese and 
chemical oxygen demand (COD) were very much elevated in the 
samples. The highest levels of these parameters were measured 
in the August 1983 sample. The levels of all of these 
constituents were significantly reduced at the time of the 
June 1984 sampling, but still remained high. The 1984 levels 
of TDS, ammonium, iron, manganese and COD were 34,600 mg/L, 
511.9 mg/L, 1,580 mg/L, 40.3 mg/Land 51,900 mg/L 
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respectively. By June of 1984 these levels had been reduced 
to 30,100 mg/L, 108 mg/L, 447 mg/L, 20.9 mg/Land 11,100 mg/L 
for these constituents. Sulfate was at levels similar to what 
might be expected in the natural groundwater in the area in 
the first sample but was reduced from 1,410 mg/L to only 196 
mg/L between sampling events. The bicarbonate concentration 
in the 1983 sample was also very high (7,910 mg/L) as compared 
to 3,840 mg/Lin 1984. The biological oxygen demand (BOD) of 
the 1984 sample was reported as> 300 mg/L which is high and 
indicates high levels of biologically oxidizable organic 
material in the sample. 
The samples from the older cell in the south central 
portion of the landfill (samples GFL-12) also indicated 
elevated levels of some constituents as in the more recent 
cell. The levels of ammonium (105.1 mg/L), iron (156 mg/L), 
manganese (9.85 mg/L), and bicarbonate (1,750 mg/L) were 
elevated above background. The levels of all of these 
constituents were lower in the 1984 samples: ammonium 
(31.6 mg/L), iron (65.0 mg/L), manganese (8.27 mg/L) and 
bicarbonate (1,310 mg/L). TDS levels were 19,500 mg/L and 
21,600 mg/Lin the two samples, which are lower than the TDS 
of the background groundwater. The BOD was 13 mg/L in the 1984 
sample. Again, as in the other cell, sulfate concentrations 
(653 mg/L and 439 mg/L, respectively) were much lower than the 
natural groundwater in the area. The COD results were 150 mg/L 
in the first sample and 161 mg/Lin the second sample. The COD 
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levels were considerably lower than in the samples from the 
other cell. 
The active cell sampled was an open trench in the 
northeastern corner of the landfill that was approximately·. 
half filled with garbage at the time it was sampled. The cell 
contained water in the bottom of the trench derived froa 
groundwater recharge and rainfall in the open trench. The 
water was approximately 3 to 4 feet (0.9-1.2 m) deep and black 
in color. 
The sample results indicated that the water was high in 
ammonium (13.0 mg/L) and COD (1,520 mg/L). The TDS of the 
sample was 12,600 mg/L, which is lower than the average of the 
groundwater samples from outside the landfill. The iron and 
manganese, which were high in the other leachate samples, were 
relatively low in this sample. The iron concentration was o. 58 
mg/L and the concentration of manganese was 1. 08 mg/L. Sulfate . 
levels were extremely low in the water and measured only 8.0 
mg/Lin the sample. The BOD measured in the sample was very 
high (710 mg/L). 
The leachate analyses indicate that considerable 
variability is present in the three landfill cells. Review of 
the chemistry, however, indicates that a number of the 
chemical constituents in the leachate were elevated when 
compared to the chemistry of undisturbed groundwater in the· 
study area. These elevated parameters in the leachate include 
iron, manganese, ammonium and bicarbonate. BOD and COD levels 
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were generally higher in the leachate samples. The levels of 
sulfate were considerably lower in the leachate than in 
groundwater outside the landfill. 
Landfill Gas Analysis.-- The gas sampling tubes 
were sampled once during the study in November of 1984. The 
chromatographs show the instrument response versus time 
(Figure 37-38). The peak responses for the gasses present in 
the samples are identified on the graphs and the relative mole 
per cents of the gasses in each sample are shown in Appendix 
I (Table 5). 
The sample from the older cell (GFL-12) indicates that 
methane is the most abundant gas in the cell at 57.94 per cent 
(Figure 37). Carbon dioxide is present in the sample and makes 
up 22.80 per cent of the sample. Nitrogen is present as 18.71 
per cent of the sample. The BTU value was calculated to be 
577.3 British thermal units (BTU) for a standard cubic foot 
of the gas. 
The gas sample from the more recent cell (GFL-13) 
indicated that methane was again the most abundant gas 
comprising 43.96 per cent of the sample (Figure 38). Carbon 
dioxide made up 13.15 per cent of the sample. Nitrogen was 
relatively abundant at 35.96 per cent of the sample. A small 
amount of oxygen (6.89 per cent) was also present in the 
sample. The calculated BTU value for the gas sample was 437.8 








Figure 37. Gas chromatograph response for landfill gas 
sample GFL-12. 
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Biological and Chemical oxygen Demand Analyses.--samples 
for BOD analysis were collected once during the June 1984 
sampling event. The BOD distribution from the samples is shown 
in Figure 39. The leachate samples contained the highest 
levels of BOD. The leachate sample from the more recent cell 
in the north central portion of the landfill (GFL-13) had a 
BOD of >300 mg/L. The sample collected from the active open 
cell had a BOD value of 710 mg/L. The sample from the older 
landfill cell (GFL-12) had a much lower BOD value of 13 mg/L. 
A value of 11 mg/L was observed in GFL-18 located just north 
of the landfill. Well GFL-6, located upgradient (west) of the 
landfill and screened from 25 to 30 feet (7.62-9.14 m), had 
a reported value of 14 mg/L for BOD. All of the other samples 
that were collected for BOD analysis were reported to have 
values of BOD which were< 8 mg/L which is considered to be 
low. 
The COD values for both of the sets of samples are listed 
on the general chemical analyses in Appendix H (Table 4). As 
was the case with BOD, the COD values from the leachate 
samples were very high. The sample from the well finished in 
the more recent trench had the highest values and measured 
51,900 mg/Lin 1983 and 11,100 mg/Lin 1984. The high values 
indicate the high amounts of organic contamination in the 
samples. The sample from the open active cell had a high value 
of 1,520 mg/L. The levels in the older cell (GFL-12) were very 






Figure 39. Distribution of biological oxygen demand 
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mg/Lin 1983 and 161 mg/Lin 1984. 
In the samples from wells surrounding the landfill the 
values of COD varied considerably with location and from one 
set of samples to the next but were generally observed to be 
rather high. Many of the samples from wells that are 
upgradient from the landfill, or probably too far from the 
landfill to be contaminated, had values of COD that were 
between one and two hundred mg/L, which is considered to be 
relatively high. The distribution of reported COD values was 
very confusing because areas that had almost no chance of 
being contaminated from the landfill had very high values of 
COD indicating heavy organic contamination. 
A review of the methods for the test revealed that the 
majority of the test results were not valid. In highly saline 
waters where chloride levels are > 1,000 mg/L, additional 
chemicals must be added to the samples to correct for the high 
chloride concentrations. This correction was not made at the 
laboratory where the samples were analyzed. 
The chloride values for the natural groundwater in the 
area average about 15,000 mg/L. For samples that contain 
> 1,000 mg/L chloride the minimum acceptable values for COD 
are set at 250 mg/L. Any values that are below this value are 
considered to be highly questionable (EPA, 1979). Thus only 
extremely high values of COD observed in the leachate samples 
are considered to be reliable and the values of COD observed 
outside the landfill are considered invalid and have not been 
128 
used to determine the possible presence of contaminants near 
the landfill. 
Trace Metal Analysis Results. --Selected samples were 
analyzed for six trace metals including arsenic, cadmium, 
chromium, lead, selenium and zinc (Appendix J, Table 6; 
Figures 40-45) • Only those wells that were closest to the 
landfill were sampled as were the two leachate sampling wells 
(GFL-12 and GFL-13) and leachate from the active cell 
(NET-1). Leachate and background samples contained low amounts 
of these trace metals. In the majority of samples, metals were 
below the maximum permissible concentrations {MPC), with the 
exception of the leachate from well GFL-13, where chromium 
equalled the MPC of 50 ug/L, and five wells outside the 
landfill that exceeded the MPC of 10 ug/L for selenium. These 
wells include GFL-8 (18 ug/L), GFL-23 (19 ug/L), GFL-30 (16 
ug/L), GFL-34 {21 ug/L) and GFL-55 {13 ug/L). 
Pesticide Analysis. -- Twenty six of the wells in and 
around the landfill were sampled for pesticides during the 
study. The six pesticides that were tested included endrin, 
lindane, methoxychlor, toxaphene, 2,4-0 and 2,4,5-TP silvex. 
The results of the analysis are presented in Appendix K (Table 
7) • 
There were no detections of endrin, lindane, 
methoxychlor and toxaphene in the groundwater or leachate 
samples. The detection limits for 2,4-0 and 2,4,5-TP Silvex 
are 1. O ug/L in water. There were no detectable concentrations 
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of 2,4,5-TP Silvex in any of the samples and none for 2,4-D 
with the exception of well GFL-37 which had a concentration 
of 3.2 ug/L. The well is located just east of the edge of the 
landfill and is screened from 10 to 15 feet (3.1-4.6 m) below 
land surface. The presence of the pesticide may be from the 
landfill, but could also easily be the result of a spill or 
the application of the chemical in the area; therefore the 
data are inconclusive as to the source of the chemical. No 
other leachate indicators are present in this nest and it is 
doubtful that the 2,4-D present at this location is a result 
of the landfill. 
Surface Water Samples.--Four samples were collected in 
or from seepage along drainage ditches located adjacent to the 
landfill. Two of the samples (ND-1 and ND-2) were collected 
from the county drainage ditch that runs east-west along the 
north edge of the landfill (Figure 7). It had been noted that 
the south ditch face generally appeared to be moist even 
during dry periods and that water occasionally accumulated in 
the bottom of the drainage ditch even during dry periods. It 
was suspected that leachate from the landfill may be 
contributing water to the drainage. ditch. 
The water in the ditch was first sampled on June 6, 1984 
while sampling the wells in the study area. The analysis 
indicated that the water did not have an unusually high TDS 
and that in fact the TDS was somewhat lower than most of the 
sba.llo-.. grouncr.ater sa;ples f ro'll the area. Toe leachate 
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indicators such as ammonium, iron, manganese, bicarbonate, 
COD and BOD did not seen to indicate that the chemistry of 
the sample had been influenced by the landfill. The day before 
the sample was taken 0.73 inches (1.9 cm) of rain fell in the 
area. Due to this precipitation the sample may have been 
diluted with rain water. The dissolved oxygen was 8.2 mg/Lin 
the water, which probably indicates an influx of highly 
oxygenated rain water. 
Another sample was taken in the same area on September 
20, 1984. At that time standing water existed in the drainage 
ditch and there had not been any significant precipitation for 
several weeks. The sample had a TDS value of 44,900 mg/L, 
which was the highest value seen in all of the study samples. 
The high TDS may be in part from evaporation from the pool 
which concentrated the solutes in the water. A review of the 
leachate indicators indicated that the ammonium levels were 
rather high at 38.25 mg/L. COD was also elevated and measured 
959 mg/L. The iron level was slightly elevated at 0.74 mg/L 
as well as manganese which measured 2.41 mg/L. The results 
seem to indicate that some of the leachate indicators are 
elevated, but the results are not conclusive. Although 
ammonium and COD are elevated, the other indicators such as 
iron or manganese are not extremely high. One explanation may 
be that the iron has been oxidized and precipitated out of 
solution. There was iron staining in the area of the standing 
water. Manganese should also oxidize and precipitate, but this 
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reaction is much slower than that of iron, which may explain 
the higher concentration (Hem, 1970). One possible reason that 
the ammonium level remains high is that the oxidation of 
aqueous nitrogen species is strongly tied to biological 
activity and the types and amounts of biota present (Hem, 
1970). This reaction is also slow. 
Several seeps were observed along the north slope of the 
English Coulee diversion ditch which runs from west to east 
along the southern edge of the landfill. The ditch was 
constructed to divert water from the English Coulee drainage 
basin west of the landfill away from Grand Forks to the Red 
River north of the city. The ditch was routed just along the 
south edge of the landfill and some refuse was exhumed when 
the north face of the ditch was cut back and sloped. 
Seeps or springs were observed to be coming out of the 
ditch face at the boundary of the base of the upper silt loam 
and the more clay rich interval just below it. Several such 
seeps were observed along the north sidewall of the ditch. 
Water that emerged from the seep areas trickled down the slope 
to the bottom of the ditch where the water accumulated in 
small pools in low spots. The route that the water traveled 
was marked by heavy iron staining. 
A sample was collected (SEP-1) from one of the seeps at 
the point of emergence of the water and another sample (SD-1) 
was taken from the accumulation of water at the bottom of the 
ditch (Figure 7). The sample from the seep itself contained 
--
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elevated levels of all of the leachate indicators. Ammonium, 
iron, manganese, bicarbonate and to some extent COD were 
elevated and measured 48.3 mg/L, 4.73 mg/L, 9.17 mg/L, 2,120 
mg/Land 330 mg/L respectively. It is likely, therefore, that 
the seep is a leachate spring. 
The sample from the ditch bottom (SD-1) contains high 
ammonium (42.5 mg/L) and bicarbonate (1,120 mg/L). The levels 
of iron, manganese and COD however are relatively low. The low 
iron and manganese levels are most likely the result of 
precipitation and co-precipitation of these metals as water 
runs down the ditch slope. The high levels of ammonium and 
bicarbonate seem to indicate that the water sampled was 
contaminated by the landfill. 
DISCUSSION 
Hydrogeology.--During the spring, summer and early fall 
months shallow vertical groundwater gradients vary 
substantially in response to precipitation events, although 
the predominant gradients are in a downward direction. Rapid 
and intense fluctuations of shallow wells during frost free 
periods can be attributed in part to the flat topography and 
lack of surface drainage development. During most 
precipitation events runoff is minimal relative to surface 
infiltration. The silt loam in the upper portion of the 
Sherack Formation is more permeable than any of the lower 
zones in the unit and seems to allow relatively rapid 
infiltration of precipitation to the water table. 
Numerous small shallow depressions, commonly only inches 
to less than a foot deep, that exist in the relatively flat 
surface of the lacustrine sediments play a significant role 
in the shallow water table variations. The importance of these 
small-scale features in shallow groundwater flow regimes was 
studied by Sandoval et al.(1961, 1964) and by Lissey (1971). 
During the spring thaw and during summer and fall 
precipitation events water collects in these depressions. 
In these areas there tends to be more local recharge to the 
water table. The increased amount of recharge causes temporary 
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mounding of the water table and some small amount of localized 
lateral flow due to the high water table. The amount of flow 
that occurs depends on the amount and frequency of 
precipitation. 
Substantial rises in the water table in the study area 
do not require a great deal of precipitation. The texture of 
the sediments and the relatively high water table during the 
frost free months may account for the rapid water table 
responses observed. Gillham (1984) noted that in areas where 
the capillary fringe extends to ground surface the addition 
of relatively small amounts of water can cause large and rapid 
rises in the water table. If near surface soils are at or near 
saturation it only requires a small amount of added 
precipitation to produce saturation and water-table rises. In 
one such situation he documented that the addition of 0.3 cm 
(0.1 in) of water raised the water table 30 cm (11.8 in) in 
0.25 minutes. This phenomenon has also been reported to be an 
important factor in the development of overland flow in some 
areas during precipitation events (Abdul and Gillham, 1984). 
The saturated capillary fringe in fine-grained sediments 
may extend well above the water table. In one such soil, the 
Touchet silt loam, the saturated capillary fringe extends 6.56 
feet (200 cm) above the water table (Duke, 1972). Assuming a 
similar capillary fringe thickness for the shallow silt loam 
of the Sherack Formation, saturated or near-saturation 
conditions may exist in the study area to land surface even 
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during times when the water table in the area is at the lowest 
levels observed. Addition of small amounts of water to the 
soil would therefore cause rapid water table rises as Gillham 
has suggested. 
During the frost free months of the study period the 
water table commonly receded very quickly after recharge 
events. This is most likely the result of evaporation. If the 
soil is saturated from the water table to the surface 
evaporation from the soil will occur. As water evaporates at 
the soil surface, a suction is created in the soil which can 
pull more water from the soil towards the surface (Gardner, 
1958). In the Pachappa sandy loam it was shown theoretically 
and experimentally that when the water table was within 100 
cm {39.4 in) of the surface nearly 1.0 cm/day (0.4 in/day) of 
water was evaporated through the surface (Gardner and Fireman, 
1957). Calculations for the Greenville loam showed that if the 
water table was at a depth of 12 cm { 4. 7 in) that the 
potential capillary water loss may be 160.5 cm3 (9.8 in3 ) per 
day for every centimeter squared ( O. 16 in2) of area. At a 
depth of 80 cm (31.5 in) it was calculated that a little less 
than 1.0 cm3 (0.1 in3 ) of water was lost per day to capillary 
water loss (Remson and Fox, 1955). Data are not available 
indicating the loss of water through evaporation for the 
specific soils found in the study area, however the shallow 
water table in the area, the texture of the shallow sediments 
and the moist condition of the soil through most of the frost 
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free months fit the conditions described in the literature for 
evaporation from the soils to occur. It would seem very likely 
that this is a major mechanism responsible for the loss of 
water from the water table in the study area. Another 
important component of water loss is the use of water by the 
prairie grasses that grow in the area. Recharge of water 
deeper into the system in a vertical direction may also 
account for the loss of some of the water. 
Heads also rise rapidly in response to precipitation 
events in wells screened between 10 to 15 feet (3.1-4.6 m) 
below land surface in the silty clay and clay below the silt 
loam. The corresponding rises in head in these wells was 
surprising due to the fact that these sediments contain much 
more clay and had measured hydraulic conductivities that were 
on average an order of magnitude less. The reason for this 
nearly instantaneous rise in heads may be the result of the 
presence of fractures and root casts present in the sediments 
just below the upper silt loam. These features most likely 
allow water to move more rapidly through the fine-grained 
sediments than would be expected if the fractures were not 
present and water movement was only the result of 
intergranular flow. The secondary porosity present in the form 
of fractures and root casts may allow for good hydraulic 
connection between the shallow water table and the wells 
screened from 10 to 15 feet (3 .1-4. 6 m) causing them to 
respond rapidly to shallow recharge to the water table. 
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Another explanation may be that near-surface water is 
hydraulically connected to water in the deeper sediments. When 
recharge occurs in the upper zone there is an hydraulic head 
increase and pressure is transmitted to the deeper zone which 
causes rapid head increases. 
During the fall of 1983 and the spring and summer months 
of 1984 there was enough precipitation to maintain downward 
gradients. The vertical gradients vary in magnitude during 
these times and are the strongest when there is more 
precipitation. Between precipitation events the gradients tend 
to lessen as the water table dissipates or lowers due to 
evapotranspiration. Some downward flow may also occur during 
this time as a result of the vertical downward head 
distribution. The downward flow, however, seems to be limited 
as grain size decreases with increased depth and the role of 
secondary permeability disappears with depth. Evidence of this 
is that the deeper wells in the study area, screened from 25 
to 30 feet (7.6-9.1 m), do not respond to individual recharge 
events and do not rise and fall as rapidly and with as much 
intensity as the shallow wells. These wells do seemingly 
respond to persistent downward vertical heads from above with 
greatly moderated increases in head that are much delayed in 
response time. It is believed that this deeper zone tends to 
be rather isolated from the changes that occur in the shallow 




The largest drop in the local water table in the study 
area occurs in the winter months. During these months the 
ground is frozen and evaporation and transpiration are not a 
major factor in the loss of water. The large winter drop in 
the water table is due primarily to formation of a frost layer 
near the surface as the temperature reaches freezing in the 
soil. Water or moisture in the form of vapor moves from the 
water table to the frost layer due to temperature gradients, 
thus increasing the frost thickness at the expense of the 
water table (Willis et al., 1964). This phenomenon was 
documented in Glydon loam soils in the Red River Valley (Benz 
et al., 1968). The authors monitored the water table and the 
frost accumulation in an area very similar to the study area. 
The water-table depth, soil temperature, soil moisture, frost 
depths and weather conditions were measured in test plots from 
November 1960 to November of 1963. Neutron probe access tubes 
were used to monitor soil moisture to document the movement 
of water from the water table to the frost zone. The results 
indicate that as the frost began to develop in the soil near 
the surface in November that there was a corresponding 
lowering of the water table. This situation continued 
throughout the winter until in one case a frost layer 
developed to a depth of 8.9 feet (2.7 m). The soil moisture 
data indicated that movement of water occurred from the water 
table to the frost zone above. In the spring the frost melted 
and the water stored there was returned to the water table. 
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At that time there was a rapid rise in the water table. It was 
determined that more water was returned to the water table in 
the spring than the amount that had been removed to the frost 
zone in the late fall and early winter. The additional water 
was believed to have been discharge from the Dakota Aquifer 
that occurred during the winter months. The water moved upward 
through the glacial drift during the winter, when upward 
gradients are predominant, and was incorporated in the frost 
layer where it was stored until spring. During the spring melt 
this additional water was released to the water table. 
The hydrographs from the study area exhibit the same 
response in winter. All of the hydrographs from nests in 
undisturbed settings show that the water table begins to drop 
sharply in November as water is incorporated into the frost 
zone. The lowering of the water table decreases the heads in 
the shallow subsurface which causes a reversal in the vertical 
gradients and upward regional groundwater flow becomes 
dominant. The water table reaches its lowest level in January 
or February. This upward gradient configuration lasts for 
approximately 4 to 4 1/2 months. During this time the 
probability of an influx of water upward into the shallow 
subsurface from the Dakota Aquifer seems most favorable. 
In April, as the spring thaw progresses, a dramatic rise 
in the water table occurs to levels as high or higher than 
those of the previous fall as water drains back into the 
shallow water table as the frost layer thaws. Some additional 
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water is added to the system due to melting of snow and early 
spring rainfall. This mechanism for water table changes in 
winter and early spring does not require appreciable amounts 
of lateral flow to explain water-level changes as the net 
water movement is in a vertical direction either up or down. 
The groundwater flow system in the area seems to be 
primarily dominated by vertical flow. Due to the relatively 
flat topography and the fine-grained sediments not much 
lateral or horizontal flow is likely. The salinity of the 
groundwater in the area also attests to the fact that little 
lateral flow occurs or the salts would tend to flush from the 
area rather than concentrate. 
Potential lateral flow rates {average linear velocity) 
were calculated for the shallow water table using the slope 
of the water table between wells GFL-24 and GFL-40. A straight 
line drawn between these wells is roughly parallel to the 
regional slope in the area. Shallow groundwater roughly flows 
towards the east-northeast in the area {Benz et al., 1976). 
Water-table elevations were used for two dates when the 
water table was very high {October 18, 1983 and May 2, 1984) 
and on two dates when the water table was low {February 27, 
1984 and August 31, 1984). The results indicated that lateral 
flow rates range from 1. 5 to 2. 21 ft/yr ( o. 4 6-0. 67 m/yr) 
during periods of high water-table elevations to as little as 
1.21 x 10-1 to 2.46 x 10-2 ft/yr {3.7 x 10-2-7.5 x 10-3 m/yr) 
during times of low water-table elevation. Due to the 
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transient nature of the water-table position the high water 
table elevations are short lived and dissipate rather rapidly 
so that not much actual lateral flow occurs. The much lower 
flow rates calculated for low water-table situations are those 
which probably persist for most of the winter months and 
during dry frost free periods. During these times there is 
very little lateral flow because the water-table slope is 
reduced. Benz et al.(1976) observed less slope of the water 
table in winter when the soil was frozen. The calculations 
indicate that lateral gradients are not strong enough to 
result in a great deal of lateral flow in the study area. 
Water levels and heads in the landfill cells behave quite 
differently than those in the surrounding area. The 
hydrographs in the cells show very little change with the 
seasons or precipitation and frost events (Plate 3). The water 
table is mounded relative to the surrounding area by varying 
amounts depending on the time of year (Figures 14-15). 
Although seemingly little change occurred in the wells 
throughout the year there were some minor changes in water 
levels. In the older cell (GFL-11-12) it was noted that a rise 
in the water table of nearly 1 foot (0.31 m) occurred in the 
cell in June, 1984 after several closely spaced precipitation 
events. The head differences in.the cell were very slight, but 
the gradient was consistently upward in the cell during most 
of the study, except after heavy precipitation when there was 
recharge to the cell and the gradients were reversed. 
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In the more recent cell (GFL-13-14) the hydraulic heads 
in both wells were nearly identical during the summer·and fall 
of 1983 with only very minor fluctuations. During the fall and 
winter of 1983 and 1984 a slight upward gradient was present. 
During the spring and summer of 1984 the water-table well had 
a slightly higher head than the well at the base of the cell 
and the water levels rose very slightly. 
A possible explanation for only minor water table changes 
in the cells is the compacted soil covers and the high 
topographic position of the finished cells which both 
significantly reduce recharge. The upper surface of the cell 
ultimately reaches an elevation approximately 8 to 9 feet 
(2.4-2.7 m) higher than the surrounding topography and slopes 
off in all directions. Precipitation runs off the mounded 
cells and away from the landfill reducing the potential for 
recharge. The low permeability of the compacted soil cover 
also serves to impede the movement of water through the cover 
onto the refuse. 
The reason for the difference in the amount of recharge 
to the two cells probably lies in the age difference. The new 
cell is well sloped and the cover is relatively free of 
cracks, although some were observed in the cover on this cell 
also. The refuse in this cell has not begun to settle because 
of limited biochemical degradation of the waste. In the older 
cell more breakdown and/or settlement has occurred and the 
cover has low spots and cracks. Rainfall tends to collect in 
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the low spots and some of the water recharges the cell due to 
intergranular flow of water through the cover or by water 
entering cracks in the cover. 
Another factor in the static conditions in the cells is 
a result of cell trench excavation methods. During excavation 
of each cell soil is removed to approximately 8 to 9 feet 
(2.4-2.7 m) below land surface. The soil is stockpiled for 
cover construction after the cell is filled. During excavation 
the more permeable sediments that exist in the cell bottom are 
removed. This includes the upper 5 feet (1.5 m) of silt loam 
and the portion of the fractured silty clay or clay sediments 
that contain numerous root casts. The cells are excavated with 
a drag line and during excavation the sediments in the trench 
bottom become remolded as the heavy bucket of the drag line 
is pulled across the cell bottom. Observation of several 
trench bottoms revealed that the sediments were very plastic 
and that they had been disturbed or remolded during 
excavation. There was no evidence of fractures or root casts 
as these features were smeared by the drag line bucket. It is 
believed that in the excavation process the permeability of 
the cell bottom sediments is significantly reduced as avenues 
of secondary porosity are destroyed and compaction and 
remolding of the sediments occurs. 
It was generally noted that some time after trench 
excavation water drains from the saturated zone exposed in the 
trench wall sediments into the new trench or that leachate 
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from adjacent cells may drain into the cell if the cells are 
very close. New precipitation also collects in the cells. The 
water tends to pond in the cell and remain there. As refuse 
is placed in the cell it is open to precipitation and more 
water enters the cell before closure. This water probably 
remains in the cell until it is closed and is largely 
responsible for the higher water table observed in the cells 
than in the surrounding area. Accumulated water does not seem 
to infiltrate downward from the trenches. 
Along the north and south edges of the landfill the upper 
silt loam was generally always damp in the ditch faces exposed 
near the landfill. In these areas the increased heads in the 
cells may allow for the movement of some contaminated 
groundwater from the landfill. The heads in the nest of wells 
approximately 20 feet (6.1 m) north of the landfill (GFL-15-
19) seemed to stay higher in these wells even when the heads 
in all the other wells declined during dry and winter periods. 
The higher heads are probably the result of the mounded water 
table in the landfiil cells just to the south. The higher 
heads in the landfill have induced a lateral gradient on the 
wells in nest GFL-15-19. This most likely accounts for the 
persistent wetness on the ditch face and the fact that there 
is sometimes water in the ditch even during dry periods. These 
wells were the only ones in the study area that seemed to be 
influenced by the landfill, even though other nests were 
located close to the landfill (GFL-28-32, GFL-33-39). This may 
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be related to the orientation of the trenches which run north 
and south in the landfill. Water in the cells may be confined 
more by the natural sediments on each side of the narrow 
trench than by the refuse along the long axis of the trench. 
This may allow leachate to move more easily in a northerly 
direction and into the thin band of silt loam sediments that 
remains along the north ditch. Another mechanism that may be 
causing water movement from the landfill is that evaporation 
along the ditch face causes leachate to move from the cells 
due to the capillary tension resulting from the negative 
pressures caused in the soil due to evaporation. 
Dampness along the cut for the English Coulee diversion 
ditch was also noticed along the southern edge of the 
landfill. In that area evaporative dampness and in some cases 
seeps or springs had developed. These are probably largely a 
result of the ditch face being cut too close to the landfill 
cell edges. Soil erosion on the landfill side of the English 
Coulee ditch slope has a~so cut into the sediments thinning 
them between the ditch and the landfill adding to the problem. 
The seeps there occur almost exclusively at the interface 
between the upper silt loam and the silty clay or clay below 
it and are often associated with eroded areas. Both the north 
and south ditches are cut deep enough to intersect or truncate 
the most permeable zone. This may be desirable in that the 
avenue for contaminated groundwater flow is removed but 
alternately presents a surface water problem in that leachate 
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or contaminated water is intercepted by ditches at the edges 
of the landfill. Once contaminated water enters the ditches 
it may move away from the landfill in surface water runoff. 
The data seem to indicate that the influence of 
groundwater flow from the landfill is very minor and very 
localized along the very edges of the landfill. The 
equipotential maps indicate that increased groundwater 
gradients exist near the edges of the landfill but that these 
gradients dissipate rather quickly a relatively short distance 
away from the landfill. Due to the vertical exageration in the 
equipotential maps the localized lateral flow shown on the 
maps near the landfill is probably exagerated. The ditches cut 
on the north and south edges of the landfill probably help to 
reduce the influence of the landfill by intercepting some of 
the shallow groundwater flow and by causing increased 
evaporation of water along the landfill edges. The 
equipotential maps drawn indicate that the potential for 
downward groundwater flow exists from the landfill cells all 
year long (Figures 17-22). These maps were constructed by 
equally distributing the head differences between wells over 
the distance between wells. In reality the equipotential lines 
probably should be grouped very closely together at the bottom 
of the cell to indicate a no-flow or very restricted-flow 
boundary. This would be more consistent with the reduction in 
permeability that occurs in trench bottoms during excavation. 
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Water ouality.--The high solute concentrations in the 
shallow groundwater are due to a number of factors including 
an influx of mineralized water from below, concentration by 
evaporation at the surface, the lack of lateral gradients to 
carry salts away and the flushing of salts back into the 
shallow subsurface by recharge events. 
Chemical concentration profiles of the study data show 
that concentrations of most parameters are highest near the 
surface. There were deviations from this general pattern 
however. In a number of profiles the concentrations of some 
of the chemical constituents are relatively low in the 
uppermost wells. Low concentrations 
probably the result of differential 
for most species are 
recharge in micro-
depressions. Shallow groundwater was freshened by recharge in 
depressions and the concentrations in adjacent areas increased 
as localized flow outward from the depressions moved solutes 
short distances laterally. The result is that there is 
considerable variation in water and soil chemistry throughout 
the area. This variation made it impossible to contour areal 
variations of natural chemical constituents in the study area. 
The most striking example of the effect of the influence 
of depression focused recharge on shallow water chemistry is 
in nest GFL-25-27 located south of the landfill near a small 
depression. The total dissolved solids in this area were as 
low as 2,410 to 3,940 mg/L, which is a drastic reduction from 
the average of 25,000 mg/L TDS. 
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The increase in iron, manganese and ammonium 
concentrations with depth is the result of vertical changes 
in redox conditions. These species were at extremely low 
levels in the two wells screened in the oxidized or mottled 
sediments within 5 feet (1.5 m) of the surface. The 
availability of free oxygen at these levels results in the 
oxidation and removal of iron and manganese from solution and 
oxidition of ammonium to nitrate (Hem, 1970). Iron and 
manganese precipitates in the upper 5 feet ( 1. 5 m) are 
consistent with low iron, manganese and ammonium 
concentrations observed in water samples from these depths. 
Concentrations of these species increase with depth as reduced 
species become more stable. The dissolved oxygen measurements 
taken in the field during the last sampling period verify that 
the oxygen levels decrease with depth. In most of the shallow 
3- to 5-foot (0.9-1.5 m) wells the oxygen content ranged from 
4 to 6 mg/L. In the 6- to 8-foot (1.8-2.4 m) wells oxygen 
ranged from 1 to 6 mg/L. The dissolved oxygen was from 1 to 
2 mg/Lin the wells screened from 10 to 15 feet (3.1-4.6 m) 
and down to 1 mg/Lin the 25 to 30 foot (7.62-9.14 m) wells. 
It is possible that the DO meter used measured somewhat higher 
than actual values or that the water in the wells-was able to 
exchange oxygen with the atmosphere in the wells. In reality 
the deeper groundwater should be free of oxygen. Even though 
this discrepancy exists the instrument is useful in indicating 
relative oxygen amounts within vertical nests of wells. 
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It is interesting to note the position of the iron oxide 
deposits at the approximate base of the silt loam at five feet 
(1.52 m). This position is, in general, also the area where 
the change occurs from an oxidizing to a reducing environment. 
It also generally corresponds to the level to which the water 
table recedes in the winter months. The water samples from 
the Dakota Aquifer (DK-1, DK-2; Appendix H, Table 5) show that 
the water from the aquifer contains ammonium (4.30 and 4.53 
mg/L), iron (0.82 and 1.14 mg/L) and manganese (0.16 and 0.26 
mg/L). As this water moves up from the reduced zone into the 
oxidized zone these species are oxidized at the approximate 
level of the winter water table and the iron forms the thick 
iron oxide sheets or plates that are observed. A similar 
mechanism forms layers of iron and manganese nodules in marine 
sedimentary environments where reduced iron and manganese 
water comes in contact with oxygenated water (Baedecker and 
Back, 1979). The presence of these iron oxide sheets serves 
as corroborating evidence that upward movement of water occurs 
in winter months. 
One other mechanism that affects the chemistry of the 
shallow water is the precipitation and dissolution of gypsum. 
Numerous gypsum nodules and fine gypsum crystal layers were 
observed in the upper 5 to 6 feet (1.5-1.8 m) in the core and 
in excavations in the landfill. The gypsum was concentrated 
at the base of the silt loam. Apparently at various times the 
water at this level becomes supersaturated with respect to 
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gypsum and gypsum precipitation occurs. This reduces the 
concentration of calcium and sulfate in the water. At times 
when the water is undersaturated with respect to gypsum the 
mineral is probably dissolved, increasing the concentrations 
of both calcium and sulfate in the water. 
It is hard to explain the seasonal change that occured 
between the 1983 and 1984 samples for the deep wells, because 
it is unlikely that recharge water would freshen waters at 
these depths. The differences are more likely a result of the 
high uncertainty levels in the laboratory chemical analysis. 
The highest level of change in the chemical concentrations is 
in chloride. The uncertainty levels reported by the lab for 
chlorides were often as high as 16 per cent. In most samples 
this can mean that the uncertainty could be as high as 2,500 
mg/Lor more. These variations alone could explain most of the 
variations observed in TDS in the samples. The uncertainty 
factors for all of the species with high concentrations may 
lead to variations of over several hundred mg/L. It is 
possible that in some of' the shallow wells, freshening of the 
water might occur due to an influx of spring recharge water, 
however it is likely that water moving from the surface 
leaches salts accumulated near the surface. The fact that 
chloride is reduced similarly in concentration in nearly all 
of the wells in some of the nests, including the deep wells, 
seems to substantiate lab uncertainty. 
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Leachate Chemistry.--The water initially trapped in the 
landfill cells when they are excavated is a combination of 
groundwater very high in solutes and rainwater. Leaching of 
ions from the refuse and numerous complex chemical and 
biological reactions cause changes in the chemistry of this 
water. Some variations exist due to the variety of the types 
of materials deposited in each cell, and some of the 
differences are the result of the varying stages of chemical 
and biological activity in the cells and the reactions 
occurring in the cells. A detailed discussion of these 
processes is included in the introduction and a discussion of 
the leachate analyzed for this study follows. 
In GFL-13 there are high levels of ammonium, iron, 
manganese TDS, and bicarbonate. These levels can be explained 
by the fact that the cell has reached an oxygen level low 
enough so that both iron and manganese are present in reduced 
forms. The source of the iron and manganese may in part be 
from refuse, but also may include sediments in the shallow 
subsurface in the area. The high TDS value indicates that 
constituents are leaching from the refuse into the water in 
the cell. The bicarbonate levels are very much higher than 
background in the area, and are probably the result of the 
dissolution of carbonate sediments in the glacial drift. The 
sulfate levels in the first sample do not seem to indicate 
that the level of sulfate reduction has been reached in the 
cell. In the 1984 sample thelEW:O.fate concentration was 
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drastically lowered. The decrease may be in part from gypsum 
precipitation but may also be because the cell may have 
reached an anaerobic state in which sulfate is reduced and 
removed from solution. Iron is significantly reduced also 
which, along with the reduction in sulfate, may indicate that 
iron sulfide or mackinawite was precipitated. The chemical 
oxygen demand (COD) is very high in the first sample (51,900 
mg/L) and was decreased somewhat in the second sample (11,100 
mg/L), indicating some reduction of the organic content.of the 
leachate due to biological breakdown. The BOD concentration 
was> 300 mg/Lin 1984 indicating again, as did COD, that high 
levels of organic material exist in the sample. The large 
amounts of methane present in the cell verify that anaerobic 
conditions exist. The results are consistent with the 1984 
leachate analysis. The sample deviated from the Farquhar and 
Rovers (1973) model due to the presence of nitrogen (35.96%) 
and oxygen (6.89%). High amounts of nitrogen may be the result 
of gas trapped in the cell from earlier aerobic gas production 
or gas produced in the refuse above the water table where 
aerobic conditions persist. It has been suggested that a 
mixture of gasses such as this may represent simultaneous 
aerobic and anaerobic decomposition (Ludwig, 1961). 
GFL-12 is located in a much older cell. Al though the 
levels of the leachate indicators are higher than in the 
background samples, the levels are not as high as in the more 
recent landfill cell (GFL-13). The COD levels observed are 
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moderate in value (approx. 150 mg/L) and the BOD value is 
fairly low ( 13 mg/1) . The sulfate levels are considerably 
lower than background. These data suggest that the levels of 
contaminants have decreased as chemical and biological 
processes have occu~red over time. It is interesting to note 
that the levels of many of the major anions and cations and 
the TDS level are less in the leachate samples from this cell 
than in many of the background wells in the study area. The 
high percentage of methane gas in the gas sample from the cell 
is consistent with the age of the cell and the water 
chemistry. Both the water and gas samples indicate anaerobic 
conditions in the cell. The gas sample differs from the 
Farquhar and Rovers (1973) model in that nitrogen is present 
in relatively high amounts. According to the model this gas 
should be largely depleted by the time methane production 
occurs. The continued production of methane in the older cell 
is probably a result of the fact that biological reactions 
slow down considerably in the landfill in the winter months. 
The ideal temperature for biological activity in a landfill 
is between 86° F and 95° F (30°-35° C). In a landfill in North 
Dakota the landfill cells are probably much below this 
temperature for much of the year so biological breakdown is 
slowed considerably. Butler (1973) measured temperature in 
three cells in the Mandan, North Dakota landfill and found 
that the cell temperatures were below 86° F (30° C) the entire 
year and above 68° F (20° C) only five months out of the year. 
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The climate in Grand Forks is somewhat colder than that of 
Mandan, so the breakdown rates may also be slower. Due to this 
climatic factor, landfill refuse in northern climates such as 
in Grand Forks take a considerable time to degrade, even 
though the initial availability of moisture causes the 
landfill reactions to begin almost immediately after refuse 
is placed in the trenches. 
The sample of leachate from the open active trench 
(NET-1), which was only half filled at the time it was sampled 
and probably only a few months old, indicates that the water 
is already showing some of the leachate indicators. The levels 
of ammonium and bicarbonate were high. The COD indicated high 
organic contamination (1,520 mg/L) as did the BOD sample (710 
mg/L). Iron and manganese were fairly low in concentration in 
the sample and sulfate was extremely low (8.0 mg/L). It is 
believed that the water in the trench quickly reached 
anaerobic conditions due to high organic input from the refuse 
and that sulfate reduction removed sulfate from solution. This 
may also account for the very low values of iron and manganese 
in the sample as these metals may coprecipitate if sulfides 
are formed. 
Contaminant Hydrology.--Ammonium, iron, manganese, 
bicarbonate, and BOD were used as leachate indicators for this 
study to identify water contaminated from the landfill. COD 
is a good indicator of organic contamination but the COD 
analyses of the samples collected for this study were 
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determined to be invalid due to the interference from the high 
amounts of chloride in the water. 
The chemical concentration profiles were analyzed to 
determine if any unusually high concentrations of any of these 
indicators were present. Relatively high iron concentrations 
were observed in well nests GFL-33-39 and GFL-53-59 in the 
deepest wells. For manganese, the wells screened from 10 to 
15 feet (3.1-4.6 m) contained the highest level and a number 
of other wells had relatively high concentrations at 10 to 15 
feet (3.1-4.8 m) even in wells that were not close to the 
landfill. Most of the profiles for the wells close to the 
landfill looked similar to concentration profiles in nests 
away·from the landfill. It is believed that with the exception 
of one nest of wells, that there is no indication of 
contamination from the landfill with respect to these 
constituents. The only nest that may show some possible 
effects from the landfill is nest GFL-15-19 located just north 
of the landfill approximately 20 feet (6.1 m) north of one of 
the cells. The wells are located between the landfill and the 
county drainage ditch. In the most shallow well in the nest, 
GFL-17, high concentrations of bicarbonate and manganese 
suggest that the water may be contaminated from the landfill. 
The wells in this nest also have higher hydraulic heads even 
in the winter months, and are not subject to the variations 
that occur in the wells farther from the landfill. It is 
likely that the higher heads are maintained by flow of water 
-----------------~---
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from the landfill. 
All of the other concentrations of iron, manganese and 
ammonium found in wells farther away from the landfill can be 
classified as natural. The samples of groundwater from the 
Dakota aquifer (DK-1 and DK-2) collected for this study 
indicated that they contained naturally occurring amounts of 
ammonium (4.30 and 4.53 mg/L), iron (0.82 and 1.1-4 mg/L) and 
manganese (0.16 and 0.22 mg/L). It is not unlikely that the 
levels observed in the deeper wells in the study area are from 
this source. The redox conditions at the 25 to 30 foot (7.6-
9.1 m) level are sufficiently low so that these species would 
be solubilized and at higher concentrations in the water. It 
seems unlikely also due to the low permeability of the 
sediments above these deep wells that they have been 
contaminated from the landfill. 
Selected wells in the close~t proximity to the landfill, 
as well as the leachate sampling wells, were sampled for six 
trace metals including arsenic, cadmium, chromium, lead, 
selenium and zinc. The trace metal concentrations in the 
leachate samples were considered to be relatively low. The 
levels did not exceed the maximum permissible concentration 
for any of the metals and were, in general, in the range of 
what might be considered as naturally occurring. The sample 
from GFL-13 was at the maximum permissible concentration of 
50 ug/L. The samples seemed to indicate that the leachate was 
not abnormally high with respect to these metals and either 
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reflect a lack of source in the refuse, or attenuation of 
metals within the landfill environment. There is a possibility 
that the metals may be adsorbed due to the high organic 
content in the landfill thereby reducing the mobility of the 
metals in water or that they may be removed from solution by 
sulfide precipitation. 
In the wells outside the landfill no high concentrations 
of the metals arsenic, cadmium, chromium, lead or zinc were 
observed. Five wells indicated that they contained water with 
selenium levels over the maximum permissible concentration of 
10 ug/L. High levels of selenium were not observed in the 
leachate samples although it is possible that selenium exists 
in other cells. The wells that exceeded the maximum 
permissible concentration were GFL-8, GFL-23, GFL-30, GFL-34 
and GFL-55. Two of the wells, GFL-8 and GFL-23, are upgradient 
of the landfill and could not be contaminated from the 
landfill. If levels are high in these wells it seems likely 
that the other wells may also contain natural levels of 
selenium and do not indicate landfill contamination. Due to 
the relatively high amounts of montmorillonite in the 
lacustrine sediments, the CEC values are high and it would not 
be expected that the mobility of metals would be high in the 
area. 
CONCLUSIONS 
The interpretation of the data collected for this study 
leads to the following conclusions: 
1. The lacustrine sediments that make up the Sherack and 
Brenna Formations are composed almost exclusively of silt and 
clay. The Brenna Formation is composed of 97 percent clay. 
2. The dominant clay mineral is montmorillonite. 
3. Due to the presence of montmorillonite the cation-
exchange-capacity (CEC) of the lacustrine sediments is high. 
4. The lacustrine sediments in the study area are saturated 
or near saturation close to the surface during the frost free 
months. 
5. The hydraulic conductivity of the lacustrine sediments 
is highest in the upper silt loam of the Sherack Formation 
and in the silty clay just below it. The hydraulic 
conductivity generally decreases with depth. 
6. The water table in the study area fluctuates 
greatly during the year as a response to precipitation and 




7. The groundwater flow regime is dominated by vertical 
hydraulic gradients rather than horizontal ones. The head 
gradient fluctuates seasonally and is downward with 
varying magnitude in the spring and summer months and upward 
in the winter months as a result of regional discharge of the 
Dakota Aquifer. 
8. The hydraulic heads in the landfill cells were relatively 
stagnant throughout the year indicating that the cells are 
isolated from the natural flow regime in the area of 
the landfill. This is probably a result of remolding of the 
trench bottoms that occurs during excavation and the 
effectiveness of the natural soil cover in diverting 
potential recharge into the cells. 
9. The natural groundwater is highly mineralized and 
is classified as saline. The average TDS of the water samples 
for this study was nearly 25,000 mg/L total dissolved solids. 
The dominant anion is chloride and calcium, magnesium and 
sodium are abundant, but no one cation is dominant. The 
salinity of the shallow groundwater is due to the upward 
movement of saline water from bedrock aquifers that subcrop 




10. The leachate in the landfill is generally higher than 
background or natural groundwater in iron, manganese, 
ammonium, bicarbonate, BOD and COD. In older cells the TDS is 
lower than some of the natural groundwater in the area and 
sulfate concentrations are reduced. 
I 
11. No conclusive evidence was found that the landfill has 
impacted the shallow groundwater in wells installed for the 
study with the exception of nest GFL 15-19 located 
approximately 20 feet (6.1 m) north of the landfill edge. The 
heads in these wells remained high throughout the year and the 
ditch along the north landfill edge remained moist during even 
dry periods indicating possible groundwater flow from the 
landfill. The chemistry in these wells indicates possible 
localized leachate migration along the north edge of the 
landfill. 
12. Samples from surface water drainage ditches adjacent to 
the landfill, both north and south, indicate that the ditches 
may be receiving some seepage from the landfill. In the south, 
seeps or springs were observed in the ditch face. The landfill 
may affect the surface water quality in these ditches. 
13. Trace metal and pesticide analysis did not prove very 
useful to determine leachate migration due to the lack or low 
levels of these constituents in the landfill. 







14. Methane gas is produced in the landfill as breakdown 
occurs by chemical and biological reaction. Methane is being 
produced in large quantities even in some of the oldest cells 
in the landfill. This is most likely due to the slow breakdown 
of refuse due to low temperatures in the cells during much 
of the year. 
15. The data indicate that saturated lacustrine clay 
has favorable properties which make this material very 




RECOMMENDATIONS FOR FURTHER STUDY 
If further study is undertaken at the Grand Forks 
landfill several areas might be addressed to further clarify 
the groundwater flow regime and the possible interrelationship 
between the landfill and the natural groundwater in the area. 
The following areas might be addressed to augment the work 
that was done in this study: 
1.) Install deeper wells to investigate the relationship 
between the flow system at greater depth and the shallow flow 
regime investigated in this study. The interface and 
relationship between the shallow groundwater flow system and 
the deeper upward discharge would be better understood if 
nests that include deeper wells were added. 
2.) Sample all wells in the vicinity of the landfill for 
volatile organic compounds and total organic carbon content. 
It is very difficult to determine possible effects of the 
local groundwater in the lacustrine sediments by using major 
anion and cation parameters. Organic parameters may be helpful 




3.) Use tritium isotope analysis to aid in determining 
the age relationships of the groundwater samples at various 
levels in the area. These analyses may help distinguish which 
water comes from discharge from the Dakota Aquifer and which 
water may be coming from natural recharge or from the 
landfill. 
4.) Establish a surface water monitoring network in the 
drainage ditches located adjacent to the landfill to determine 
the possible effect of the landfill on local surface water. 
5.) study the possible 'halo effect' that may result due 
to pushing or flushing of soil salinity outward due to 
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TABLE 1. WELLS AND SAMPLING POINTS 
Screen Pipe 
Well # Dia. Cinl Depth(ftl El. <ft) Function 
GFL-1 2"PVC 3-5 840.45 Samp.-W.L. 
GFL-2 2"PVC 6-8 841.95 Samp.-W.L. 
GFL-3 2"PVC 2.5-12.5 839.45 W.L.-W.T. 
GFL-4 2 11 PVC 10-15 841. 05 Samp.-W.L. 
GFL-5 l"PVC 10-15 840.75 W.L. 
GFL-6 2"PVC 25-30 840.50 Samp.-W.L. 
GFL-7 l"PVC 25-30 840.60 W.L. 
GFL-8 2"PVC 3-8 843.18 Samp.-W.L. 
GFL-9 l"PVC 3-13.5 843.03 W.L.-W.T. 
GFL-10 2"PVC 10-15 843.01 SampW.L. 
GFL-11 2"PVC 4-14 848.51 W.L.-W.T. 
GFL-12 2"PVC 16. 5-21. 5 849.28 Leach.-W.L. 
GFL-13 2 11 PVC 21-26 850.45 Leach.-W.L. 
GFL-14 2 11 PVC 5-15 850.63 W.L.-W.T. 
GFL-15 2 11 PVC 2-12 842.78 W.L.-W.T. 
GFL-16 l"PVC 10-15 842.05 W.L. 
GFL-17 2"PVC 3-5 842.27 Samp.-W.L. 
GFL-18 2"PVC 6-8 841. 94 Samp.-W.L. 
GFL-19 2"PVC 10-15 843.24 Samp.-W.L. 
GFL-20 2 11 PVC 10-15 841. 80 Samp.-W.L. 
GFL-21 l"PVC 10-15 842.70 W.L. 
GFL-22 2"PVC 6-8 842.04 Samp.-W.L. 
GFL-23 2"PVC 3-5 841. 43 Samp.-W.L. 
GFL-24 2"PVC 2-12 841.61 W.L.-W.T. 
GFL-25 2"PVC 10-15 841. 88 Samp.-W.L. 
GFL-26 2"PVC 4-9 842.08 Samp.-W.L. 
GFL-27 l"PVC 3-9 843.16 W.L.-W.T. 
GFL-28 l"PVC 2-12 839.94 W.L.-W.T. 
GFL-29 2 11 PVC 2-12 839.37 Samp.-W.L. 
GFL-30 2"PVC 6-8 839.36 Samp.-W.L. 
GFL-31 2 11 PVC 10-15 840.51 Samp.-W.L. 
GFL-32 l"PVC 10-15 840.51 W.L. 
GFL-33 2 11 PVC 2-12 840.15 W.L.-W.T. 
GFL-34 2"PVC 3-5 840.03 samp.-W.L. 
GFL-35 2"PVC 6-8 840.56 Samp.-W.L. 
GFL-36 l"PVC 10-15 840.58 W.L. 
































2 11 PVC 
2 11 PVC 
2"PVC 
2 11 PVC 
l"PVC 
2"PVC 
2 11 PVC 
2 11 PVC 
2"PVC 
2 11 PVC 
l"PVC 
2 11 PVC 
2"PVC 
2 11 PVC 
2"PVC 












































































NET-Active landfill cell in northeastern corner of landfill. 
ND- Drainage dith north of landfill. 
SEP-Seep in English Coulee diversion ditch south of landfill. 
SD-Bottom of English Coulee ditch south of landfill. 
DK-1-Flowing Dakota well-T.152N.-R.52W.-sec.33 (Lund well). 
DK-2-Flowing Dakota well-T .151N. -R. 51W. -sec. 03 (Korsmoe well) . 
Samp.= Sampling well. 
Leach.= Leachate sampling well. 
W.L.= Water level 
W.T.= Water table 
·. 
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HYDROMETER METHOD OF TEXTURAL ANALYSIS 
Samples used for textural analysis were selected 
from core collected during drilling. A total of 32 samples 
was selected to be analyzed. The samples were disaggregated 
using a mallet into pea size pieces and approximately 45 
grams of material was collected, weighed and placed 
in a glass canning jar. A 4 percent Calgon solution (125 ml) 
was added to each sample to act as a dispersing agent and the 
samples allowed to soak overnight. Several carboys containing 
distilled water and a test cylinder containing 125 ml of 4 
percent Calgon solution and 875 ml of distilled water were set 
up in the lab so that each would reach room temperature 
overnight. 
The next day the samples were stirred to disaggregate 
the sediments and the contents of the jar were emptied into 
a mechanical stirring devise. Each sample was agitated for 
approximately two minutes and then emptied into a 1000 ml 
glass cylinder. Any remaining clay balls in each jar were 
disaggregated using a cork mounted on the end of a glass rod 
and the contents of the jar washed with distilled water into 
the 1000 ml cylinder. Each cylinder was then topped off with 
distilled water to the 1000 ml graduation. 
A hydrometer reading was taken from the test cylinder 
containing the 4 percent Calgon solution. The hydrometer 









the test cylinder could be subtracted from the density of the 
clay in suspension during the hydrometer reading. 
The temperature of the test cylinder was taken so the 
settling time before the hydrometer reading was required could 
be determined. The samples in the cylinders were then 
agitated using even up and down motions with a plunger for 
1 minute. The time when the agitation stopped was recorded 
so that the exact time required for the hydrometer reading 
could be determined. The cylinders generally were allowed to 
settle for several hours. 
A hydrometer reading was taken and the reading recorded. 
The test cylinder hydrometer reading is subtracted from the 
sample hydrometer reading to obtain the clay weight in the 
sample. The material from each cylinder was then washed 
through a 63 micron sieve to remove the clay and silt 
fraction. The remaining sample was dried and run through a Ro-
Tap mechanical shaker for 10 minutes using No. 10 (2 mm), No. 
18 (1mm), and No. 230 (63 micron) sieve. The sand fractions 
were put in pre-weighed envelopes. The weight of the empty 
envelope was subtracted from the weight of the envelope 
containing sand. The difference is the sand weight. 
The clay and sand weights were subtracted from the total 
sample weight to determine the silt weight. There was no 
gravel in any of the samples. The weight of the sand, silt and 
clay fractions was divided by the total sample weight to 
determine the percentages of sand silt and clay. 
; 
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CLAY SAMPLING METHOD 
Clay samples for X-Ray Diffractometer (XRD) analysis were 
collected from a 20 gram sample. Each sample was disaggregated 
using a mortar and pestle until pea size pieces remained. The 
samples were then placed in jars to which 125 ml of distilled 
water was added and allowed to soak overnight. The next day 
the samples were mixed in a mechanical blender until all of 
the sample appeared to be disaggregated. They were then washed 
with distilled water into a 500 ml beaker. Any clay balls that 
remained in the bottom of the jars were gently disaggregated 
using a cork mounted on a glass rod and the material washed 
into the beaker using distilled water. The beakers were then 
filled to the 500 ml mark with distilled water that had been 
equilibrated to room temperature. 
The temperature in a test beaker was taken and the 
settling time to be used to sample the .002 mm and smaller 
fraction was calculated by the following method as outlined 
by Folk (1980): 
T min= Depth in cm. 
1500 *A* d (mm) 
where T is the time in minutes, d is the square of the 
particle diameter in mm, and A is a constant that is dependent 
upon the viscosity of the water (a function of temperature), 










The values of A for various temperatures were provided by Folk 
(1980). 
Once the sampling time had been determined each sample 
was agitated for one minute using a plunger so that all 
sediment was in suspension. The time was then recorded on a 
data sheet so that the proper sampling time could be recorded. 
The samples were allowed to settle undisturbed until the 
sampling times were reached. At that time a pipette was used 
to remove a sample from the beaker. The sample was placed on 
a carbon disk and placed in a desiccation jar which allowed 
the sample to slowly dry. Once the samples were dried they 
were analyzed using a Phillips X-Ray Diffractometer (XRD). 
Each sample was run once as an air dried sample and again 
after being stored for several days in a bell jar that 
contained glycol as prescribed by carol (1970) and by Royse 
(1970). This was done to document the presence of 
montmorillonite by noting the shift that occurs in the 
montmorillonite peak upon qlycolation of the sample. The 
diffractograms were compared to standards available in the lab 
and to information provided by Carol (1970) to determine the 






Samples were analyzed for cation-Exchange-Analysis (CEC) 
at the soils laboratory at North Dakota State University in 
Fargo, North Dakota. The CEC for each of the samples was 
determined using the ammonium saturation method as outlined 
by the United States Salinity Laboratory staff (1954). Using 
this procedure, a 4 gram sample is placed in a centrifuge tube 
and the sample is agitated in 33 ml of a 1.0 N solution of 
sodium acetate a total of four times. The sample is agitated 
for 5 minutes each time in the solution and is then 
centrifuged for 5 minutes and the supernatant liquid decanted 
and discarded. This procedure is designed to fill the 
available exchange sites in the sample with sodium. 
Next the sample is agitated in 33 ml of 95 percent 
ethanol for 5 minutes. After centrifuging for 5 minutes the 
supernatant liquid is discarded. The procedure is repeated 3 
times and requires that the third washing have an electrical 
conductivity of less than 40 micromhos/cm. 
The sodium ions adsorbed on the exchange sites on the 
sample are then replaced with ammonium ions by agitating the 
sample 3 times in 33 ml amounts of a 1. O N solution of 
ammonium acetate. The supernatant liquid is collected after 
each one of the washes and then diluted to 100 ml. The sodium 
concentration of the solution is then determined by either 
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flame photometric or chemical methods. The cation-exchange-
capacity of the sample is 
method: 
calculated using the following 
CEC meq/100 gm =(Na cone. of extract in meq/1 * 10) , 
(weight of sample in gm) 
according to Bower et al, (1952). 
~ 
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NORTH TEST HOLE LITHOLOGIC DESCRIPTION 
(Located at Nest GFL-53-59) 
Sherack Formation: 
Yellowish brown to brown, oxidized, finely laminated 
to cross laminated silt to clayey silt. Gypsum 
nodules and iron oxide plates along horizontal 
laminations at base of interval (0-5 ft.). 
Light gray to yellowish brown, mottled, non-
laminated silty clay to clay. oxidized along 
fractures and root casts present (6-8 ft.). 
Gray, very thinly laminated to non-laminated silty 
clay to clay. Alternate thin silty intervals with 
silty clay indicating rythmites (8-25 1/2 ft.). 
Light gray, faintly laminated silt or silty clay 
(25 1/2 -29 ft.). 
Brenna Formation: 
Dark gray, massive clay with 
specks. Micro-slickensides on 
surfaces (29-30 ft.). 
calcareous white 
freshly broken 






SOUTH TEST HOLE LITHOLOGIC DESCRIPTION 
(Located at Nest GFL-25-27) 
Sherack Formation: 
Yellowish brown to brown, silt or silty clay. 
Mottled with light gray toward bottom half of 
interval. Faint laminations, iron oxide deposits 
and some gypsum towards base of interval 
(0-5 ft.). 
Light gray to gray silty clay to clay. Oxidized 
along small fractures and root casts present 
(5-9 ft.). 
Light gray to gray, laminated silty clay to clay. 
Thin silt laminae interbedded with clayey material 
indicating rythmites. oxidation along a root cast 
at 12 ft. (9-25 ft.). 
Light gray to gray silt or clayey silt with faint 
laminations (25-28 ft.). 
Brenna Formation: 
Dark gray massive clay with white calcareous specks 
(28-30 ft.). 
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EAST TEST HOLE LITHOLOGIC DESCRIPTION 
(Located at Nest GFL-33-39) 
Sherack Formation: 
Yellowish brown to brown, oxidized, finely laminated 
to faintly cross laminated silt or silty clay. Iron 
oxide deposits and some gypsum crystals near base 
of interval (0-5 1/2 ft.). 
Light gray to yellowish brown mottled Silty clay. 
Oxidized along fractures and root casts 
(5 1/2 -9 1/2 ft.). 
Gray, laminated, silty clay with very thin silty 
laminae. Rythmites (9 1/2-25 1/4 ft.). 
Gray, faintly laminated silt or silty clay 
(25 1/4-28 ft.). 
Brenna Formation: 
Dark gray massive clay with white calcareous specks. 
Micro-slickensides observed in freshly broken 






WEST TEST HOLE LITHOLOGIC DESCRIPTION 
(Located at Nest GFL-1-7) 
Sherack Formation: 
Yellowish brown to brown, oxidized silt to silty 
clay with horizontal laminations. Iron stained 
toward base with fine gypsum 'sand' along some 
laminations toward base (0-5 ft.). 
Light gray to gray to brown mottled silty clay to 
clay. oxidized along fine fractures and some root 
casts present (5-8 ft.). 
Light gray to gray laminated silty clay to clay with 
thin silty laminae. Rythmites (8-22 ft.). 
Light gray to gray silt to silty clay with faint 
laminations (22-25 ft.). 
Brenna Formation: 
Dark gray massive clay with calcareous white specks 
and micro-slickensides (25-30 ft.). 
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TABLE 2. TEXTURAL ANALYSIS RESULTS OF SEDIMENT SAMPLES 
FROM SHELBY TUBE CORE. 
Sample Depth %Sand %Silt %Clay 
Text.Class* 
N-1 2 • 5 I o.5 62.0 37.5 
sty/Cl Loam 
N-2 4 • 0 I 0.4 85.2 14.4 
Silt Loam 
N-3 7.0 1 1.0 69.6 29.4 
Sty/Cl Loam 
N-4 10.0 1 1. 2 47.8 51. 0 
silty Clay 
N-5 13.0 1 0.6 37.5 61.9 
Clay 
N-6 20.0 1 0.3 28.7 71.0 
Clay 
N-7 27.5 1 0.5 84.2 15.3 
Silt Loam 
N-8 29.5 1 0.2 3.4 96.4 
Clay 
S-1 3 • 0 I 0.5 84.1 15.4 
Silt Loam 
S-2 4 • 0 I 0.5 84.3 15.2 
Silt Loam 
S-3 7 • 0 I 1.4 48.4 50.2 
Silty Clay 
S-4 10.0 0.7 46.1 53.2 
Silty Clay 
S-5 13.0 1 0.2 33.8 66.0 
Clay 
S-6 20.0 1 0.2 38.4 61.4 
Clay 
S-7 25.5' 0.3 66.7 33.0 
Sty/Cl Loam 
S-8 29.0 1 0.2 4.2 95.6 
Clay 














Sam:gle De:gth isand iSilt iClay Text. Class* I E-1 2.5 1 0.7 87.1 12.2 Silt Loam " .. - ' 
E-2 4.0 1 0.5 81.2 18.3 Silt Loam I * 1 
E-3 7.5' 0.6 23.5 75.9 Silt Loam • ' i 
E-4 10.0 1 2.1 51.3 46.6 Silty Clay 
E-5 13.0 1 0.2 42.0 57.8 Sty/Cl Loam 
,_ 
E-6 20.0 1 0.2 31.9 67.9 Clay f 
E-7 26.5' 0.5 77.2 22.2 Silt Loam 
E-8 29.0 1 0.2 3.7 96.1 Clay • ,J ' 
hi 
!.:,'l 
W-1 2.5 1 1. 0 85.0 14.0 Silt Loam ;·1 
J 





W-3 7.0 1 0.7 44.3 55.0 Silty Clay f' ~< I 
<; 
--
W-4 10.0 1 0.5 37.3 62.2 Clay 
W-5 13.0' 0.2 19.7 81.9 Clay 
W-6 20.0 1 0.3 15.7 84.0 Clay 
W-7 22.5 1 1.0 74.7 24.3 Silt Loam 
W-8 29.0' 0.2 2.2 97.6 Clay 
* USDA textural classification name 
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K=5. 7 x 10"6 m/s 
K=l. 3 ~· 10·1 m/s 
N/A 
K=3. 7 x 10·8 m/s 
N/A 
K=8. 6 X 10·10 m/s 
N/A 
K=l. 4 x 10·5 m/s 
N/A 
K=4. O x 10·7 m/s 
N/A 
K=2. 7 x 10·7 m/s 




K=3 .1 x 10·6 m/s 
K:==3. 2 x 10·6 m/s 
K=3. 2 x 10·8 m/s 
K=l. 4 x 10-7 m/s 
N/A 
K=l. 7 x 10·6 m/s 
K=l. 5 x 10·5 m/s 
N/A 
K=l. 4 x 10·6 m/s 
K=5. 8 X 10·6 m/s 
N/A 
N/A 
K=l. 4 x 10·5 m/s 
K=3. 3 x 10·6 m/s 
K=5. 6 X 10·1 m/s 
N/A 
























































































Feet x 0.3048 = Meters 




K=7. 4 x 10-6 m/s 
K=l. 1 x 10-6 m/s 
N/A .. 
K=3. 1 x 10-7 m/s 
N/A 
K=6. 9 x 10-7 m/s 
N/A 
K=6. 4 x 10-6 m/s 
K=3 .1 x 10-6 m/s 
N/A 
K=l .1 x 10-6 m/s 
N/A 
N/A 
K=4. 4 x 10-8 m/s 





K=l. 3 x 10-7 m/s 
K=3. 3 x 10-6 m/s 
K=l. 8 x 10-s m/s 
N/A 




GENERAL CHEMICAL WATER ANALYSES 
1 
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TABLE 4. GENERAL CHEMICAL WATER ANALYSES 
(Screened Interval Of Well In Feet or sample location) 
Analyte Reporting Units 
Ammonium (NH4 } mg/L 
Bicarbonate (HC03 } mg/L 
BOD mg/L 
Calcium (Ca) mg/L 
Chloride (Cl} mg/L . . 
COD* mg/L 
Fluoride (F) mg/L 
Iron (Fe) mg/L 
Magnesium (Mg) mg/L 
Manganese (Mn} mg/L 
Potassium (K} mg/L 
Sodium (Na) mg/L 
Sulfate (S04 } mg/L 
TDS mg/L 
Phosphate (P04 } mg/L 
Nitrate (N03) mg/L 
Field PH unitless 
Lab Conductivity umhos/cm 
Field Temperature (OC) degrees celsius 
Dissolved Oxygen mg/L 
* Reported values <250 mg/L not valid due to >l,OOO mg/L 
chloride concentrations in water sample. 
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TABLE 4. (CONT) GFL - 1 
(SI = 3 - 5 ft • ) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 0.02 0.14 
Bicarbonate (HC03 ) 302 352 
BOD NA <8 
Calcium (Ca) 1,22()"' 1,020 
i Chloride (Cl) 13,500 14,900 
t COD 66 95 
I 
t 
Fluoride I (F) 0.5 0.7 
I Iron (Fe) 0.23 0.33 
' 
Magnesium (Mg) 1,960 1,830 
Manganese (Mn) 0.14 0.19 
Potassium (K) 33.5 24.4 
Sodium (Na) 5,880 5,690 
Sulfate (S04 ) 4,260 4,100 
TDS 27,000 27,800 
Phosphate (P04 ) 0.2 0.003 
Nitrate (N03 ) 0.7 1.0 
Field PH 6.7 6.6 
Lab Conductivity 34,940 36,240 
Field Temperature (OC) 13.0 8.0 
Dissolved oxygen NA 4.3 
----
TABLE 4. (CONT) 
Analyte 
Ammonium (NH4 ) 











Sulfate (S04 ) 
TDS 
Phosphate (P04 ) 
Nitrate (N03 ) 
Field PH 
Lab Conductivity 
Field Temperature (OC) 
Dissolved Oxygen 
203 
GFL - 2 
(SI = 6-8 ft.) 











































TABLE 4. (CONT) 
Analyte 
Ammonium (NH4 ) 











Sulfate (S04 ) 
TDS 
Phosphate (P04 ) 
Nitrate (N03 ) 
Field PH 
Lab Conductivity 
Field Temperature (OC) 
Dissolved Oxygen 
204 
GFL - 4 
{SI= 10 - 15 ft.) 













































TABLE 4. (CONT) GFL - 6 
(SI= 25 - 30 ft.) 
Analyte 
Results - 9/83 Results -
6/84 
.Ammonium (NH4 ) 
3.54 5.58 





































Phosphate (P04 ) 
0.05 
o.oo 


















TABLE 4. (CONT) GFL - 8 
(SI = 3 - 8 ft. ) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4) 0.26 0.23 
Bicarbonate (HC03 ) 246 221 
BOD NA <8 
Calcium (Ca) 1,980 1,880 
Chloride (Cl) 17,000 15,900 
COD 125 159 
Fluoride (F) 0.1 0.2 i, 
~i 
.. , 
Iron (Fe) 0.26 0.32 
Magnesium (Mg) 2,590 2,470 
Manganese (Mn) 1.58 0.35 
Potassium (K) 33.5 26.8 
·' 





(S04) 2,060 2,710 
~ 
I 
TDS 28,000 27,200 I 
'i 
Phosphate (P04 ) 0.17 o.oo 
Nitrate (N03 ) 1.5 0.66 
Field PH 5.9 6.3 
Lab Conductivity 39,310 38,940 
Field Temperature (OC) 11.5 6.0 
Dissolved oxygen NA 5.5 
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TABLE 4. (CONT) GFL - 10 




Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 2.18 2.79 
t 
f 
Bicarbonate (HC03 ) 332 290 
f 
f BOD NA <8 
Calcium (Ca) 2,140 2,110 
Chloride (Cl) 17,500 16,300 
COD 145 170 
Fluoride (F) 0.1 0.1 
Iron (Fe) 1.52 5.54 
'i 
j 
Magnesium (Mg) 2,260 2,340 
Manganese (Mn) 10.0 14.3 
Potassium (K) 23.0 18.0 
Sodium (Na) 4,540 4,750 
Sulfate (S04 } 1,710 1,980 
TDS 28,300 27,600 
Phosphate (P04 ) 0.07 0.00 
Nitrate (N03 ) 1.30 0.07 
Field PH 5.9 6.2 
Lab Conductivity 38,900 41,170 
Field Temperature (OC) 11.5 6.0 












TABLE 4. (CONT) 
! 




Analyte Results - 9L8J Besul:t§ - 6/84 ' i' 
I 
Ammonium (NH4 ) 105.06 31.56 
~ ' 
Bicarbonate (HC03 ) 1,750 1,310 
BOD NA 13 
Calcium (Ca) 1,160 1,500 
Chloride (Cl) 11,500 12,900 
COD 150 161 
! 
I 
Fluoride (t) 0.1 0.1 ! 
' (! 
Iron (Fe) 156 65.0 
Magnesium (Mg) 1,320 1.,700 
Manganese (Mn) 9.85 8.27 
Potassium (K) 78.0 40.6 
Sodium (Na) 3,960 4,330 
Sulfate (S04 ) 653 439 
TDS 1.9,500 21,600 
Phosphate (P04 ) 0.18 0.25 
Nitrate (N03 ) 0.07 0.17 
Field PH 6.5 6.5 
Lab Conductivity 25,580 34,560 
Field Temperature (OC) 12.5 7.5 
Dissolved oxygen NA 1.5 
-
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TABLE 4. (CONT) GFL - 13 
(SI= 21 - 26 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 511.94 139.10 
Bicarbonate (HC03 ) 7,910 3,840 
BOD NA >300 
Calcium (Ca) 3,200 2,880 
Chloride (Cl) 17,000 15,900 
COD 51,900 11,100 
Fluoride (F) 0.1 0.1 
Iron (Fe) 1,580 447 
Magnesium (Mg) 2,570 2,550 
Manganese (Mn) 40.3 20.9 
Potassium (K) 420 130 
Sodium (Na) 6,090 6,510 
Sulfate (S04 ) 1,410 196 
TDS 34,600 30,100 
Phosphate (P04 ) 0.18 0.14 
Nitrate (N03 ) 0.41 
0.06 
Field PH 5.7 6.3 1 
Lab Conductivity 21,181 49,190 
Field Temperature (OC) 10.3 8.6 
Dissolved Oxygen NA 0.9 
210 
TABLE 4. (CONT) GFL - 17 j 
{SI = 3 - 5 ft.) I 
* 1 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 0.39 a.so 
Bicarbonate (HC03 ) 822 909 
BOD NA <8 
Calcium (Ca) 1,240 926 
Chloride (Cl) 12,000 8,800 
COD 244 206 ' ' ; 
,1 
Fluoride (F) 0.2 Q.3 
Iron (Fe) 0.23 Q.34 
Magnesium (Mg) 1,720 1,330 
Manganese (Mn) 28.4 15.0 
Potassium (K) 19.5 8.80 
Sodium (Na) 3,680 3,230 
Sulfate (S04 ) 2,220 1,740 
TDS 21,300 16,500 
Phosphate (P04 ) 0.14 0.08 
Nitrate {N03 ) 0.68 Q.06 
Field PH 6.1 6.2 
Lab Conductivity 29,020 25,700 
Field Temperature (OC) 14.5 9.0 
Dissolved oxygen NA 3.9 
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TABLE 4. (CONT) GFL - 18 
( SI = 6 - 8 ft . ) 
Analyte Results - 9/83 Results -
6/84 
Ammonium (NH4 ) 0.09 
0.14 




Calcium (Ca) 1,510 
1,510 




Fluoride (F) 0.2 
0.2 
Iron (Fe) 0.14 
0.30 
Magnesium (Mg) 2,160 
2,230 
Manganese (Mn) 1.26 
4.44 
Potassium (K) 20.6 
12.6 
Sodium (Na) 4,090 
4,230 




Phosphate (P04 ) 
0.08 o.oo 
Nitrate (N03 ) 
0.63 0.06 
Field PH 6.4 
6.1 
Lab Conductivity 34,840 
35,600 
Field Temperature (oC) 14.5 
8.0 




TABLE 4. (CONT) GFL - 19 
(SI= 10 - 15 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4) 1.23 1.93 
Bicarbonate (HC03 ) 424 313 
BOD NA <8 
Calcium (Ca) 1,620 1,570 : I 
I 
Chloride (Cl) 14,000 9,300 
COD 171 22 
Fluoride (F) 0.1 0.1 
Iron (Fe) 0.22 0.78 
Magnesium (Mg) 2,020 1,990 
Manganese (Mn) 11.0 19.1 
Potassium (K) 17.0 14.4 
Sodium (Na) 4,110 4,210 
Sulfate (S04 ) 2,330 2,460 
TDS 24,300 19,700 
Phosphate (P04 ) 1.88 0.25 
Nitrate (N03 ) 2.62 0.12 
Field PH 6.5 6.1 
Lab conductivity 23,140 35,860 
Field Temperature (OC) 6.5 6.1 
Dissolved Oxygen NA 1.6 
TABLE 4. (CONT) 
Analyte 
Ammonium (NH4 ) 











Sulfate (S04 ) 
TDS 
Phosphate (P04 ) 







GFL - 20 
(SI= 10 15 ft.) 











































TABLE 4. (CONT) GFL - 22 
(SI = 6 - 8 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NHJ 2.38 0.27 
Bicarbonate (HC03 ) 251 253 
BOD NA <8 
Calcium (Ca) 1,750 1,700 
! Chloride (Cl) 18,500 16,000 COD 135 120 ' 
t Fluoride (F) 0.2 0.3 
t 
' 
Iron (Fe) 0.16 0.4 
Magnesium (Mg) 2,680 2,600 
Manganese (Mn) 0.48 2.57 
Potassium (K) 22.5 19.2 
Sodium (Na) 6,680 6,440 
Sulfate (S04 ) 3,190 3,010 
TDS 33,000 24,900 
Phosphate (P04 ) 0.08 0.65 
Nitrate (N03 ) 1.86 4.13 
Field PH 6.1 5.7 
Lab Conductivity 45,660 46,320 
Field Temperature (OC) 14.5 7.0 
Dissolved oxygen NA 4.3 
TABLE 4. (CONT) 
Analyte 













Sulfate (S04 ) 
TDS 




Field Temperature (OC) 
Dissolved oxygen 
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GFL - 23 
(SI = 3 - 5 ft . ) 
















































TABLE 4. (CONT) GFL - 25 
(SI= 10 - 15 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 0.09 0.13 
Bicarbonate (HC03 ) 463 497 
BOD NA <8 
Calcium (Ca) 235 252 
Chloride (Cl) NA 600 
COD 138 21 
Fluoride (F) 0.2 0.2 
Iron (Fe) 1.34 0.03 
Magnesium (Mg) 107 112 
Manganese (Mn) 0.29 0.41 
Potassium (K) 13.2 10.2 
Sodium (Na) 434 448 
Sulfate (S04 ) 660 740 
TDS 2,770 2,410 
Phosphate (P04) 0.05 0.53 
Nitrate (N03 ) 2.64 0.45 
Field PH 6.6 6.5 
Lab Conductivity 3,463 3,789 
Field Temperature (OC) 12.0 6.0 
Dissolved oxygen NA 2.0 
TABLE 4. (CONT) 
Analyte 
Ammonium (NH4) 














Nitrate (N03 ) 
Field PH 
Lab conductivity 
Field Temperature (OC) 
Dissolved Oxygen 
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GFL - 26 
(SI= 4 - 9ft.) 

















































TABLE 4 . (CONT) GFL - 29 
(SI= 3 5 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4) 0.20 0.25 
Bicarbonate (HC03 ) 239 264 
BOD NA <8 
Calcium (Ca) 1,680 1,520 
Chloride (Cl) 11,,000 10,300 
COD 0 42 
'i' 
l 
Fluoride (F) 0.2 0.2 t 
~ 
·Iron (Fe) 0.18 0.22 
Magnesium (Mg) 1,520 1,500 
Manganese (Mn) 0.07 0.07 ~; 
' Potassium (K) 26.5 19.6 1 f 
t 
' Sodium (Na) 3,000 2,910 €;
~ 




TDS 19,500 18,600 
j 
J Phosphate (P04 ) 0.07 0.39 t 
Nitrate (N03 ) 0.75 2.22 
1 
! 
Field PH 6.2 6.5 
Lab Conductivity 27,870 28,100 
Field Temperature (OC) 13.0 7.7 
Dissolved Oxygen NA 6.2 
TABLE 4 • (CONT) 
Analyte 
Ammonium (NH4 ) 












Sulfate (S04 ) 
TDS 
Phosphate (P04 ) 
Nitrate (N03 ) 
Field PH 
Lab Conductivity 
Field Temperature (OC) 
Dissolved Oxygen 
219 
GFL - 30 
( SI = 6 - 8 ft. ) 


















































TABLE 4. (CONT) GFL - 31 
(SI= 10 - 15 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4) 1.94 6.58 
Bicarbonate (HC03 ) 339 
332 
BOD NA 8 
Calcium (Ca) 1,480 1,420 
Chloride (Cl} 9,500 8,000 
COD 34 37 
Fluoride (F) 0.1 0.1 
Iron (Fe} 2.64 1.37 
Maqnesium (Mg) 920 920 
Manganese (Mn) 6.90 9.64 
Potassium (K} 15.5 13.0 
Sodium (Na) 2,820 2,710 
Sulfate (S04) 1,280 
1,240 
TDS 16,200 14,500 
Phosphate (P04) 0.06 
0.01 
Nitrate (N03 ) 0.66 
0.04 
Field PH 5.7 6.5 
Lab Conductivity 23,400 24,030 
Field Temperature (OC) 11.0 5.7 
Dissolved Oxygen NA 1.1 
TABLE 4. (CONT) 
Analyte 
Ammonium (NH4 ) 







I Fluoride (F) 
f 
I 






Sulfate (S04 ) 
TDS 
Phosphate (P04 ) 







GFL - 34 
(SI = 3 - 5 ft.) 












































TABLE 4. { CONT) GFL - 35 
(SI = 6 - 8 ft • ) 
Analyte Results - 9/83 Results - 6/84 
Ammonium {NH4 ) 0.41 0.27 
Bicarbonate {HC03 ) 224 216 
BOD NA <8 
Calcium (Ca) 2,380 2,310 
Chloride {Cl) 16,500 15,800 
COD 43 349 
J Fluoride {F) 0.1 0.1 
• 
Iron (Fe) 0.14 0.32 
,".) 
1 
.:t,iagnesium {Mg) 2,340 2,260 
Manganese (Mn) 1.93 0.74 
Potassium (K) 30.0 18.4 
Sodium {Na) 4,800 4,410 
Sulfate (S04 ) 1,800 1,840 
TDS 28,000 26,700 
Phosphate (P04 ) 0.02 0.43 
Nitrate {N03 ) 0.70 0.43 
Field PH 5.8 6.4 
Lab Conductivity 40,660 41,080 
Field Temperature (OC) 13.5 7.5 









TABLE 4. (CONT) GFL - 37 
(SI= 10 - 15 ft.) 
Analyte Results - 9/83 
Ammonium (NH4) 2.12 
Bicarbonate (HC03) 304 
BOD NA 
Calcium (Ca) 2,140 
Chloride (Cl} 14,000 
COD 107 
Fluoride (F} 0.1 
Iron (Fe) 5.05 
Magnesium (Mg) 1,630 
•, 
Manganese (Mn) 8.43 
Potassium (K) 19.5 
Sodium (Na) 4,010 
Sulfate (S04 ) 1,340 
TDS 23,300 
Phosphate (P04) o.o 
Nitrate (N03 ) 0.48 
Field PH 6.0 
Lab Conductivity 33,180 
Field Temperature (OC) 12.0 
Dissolved Oxygen NA 


























TABLE 4 • (CONT) 
Analyte 
Ammonium. (NH4) 













Phosphate (P04 ) 
Nitrate (N03 ) 
Field PH 
Lab Conductivity 
Field Temperature (OC) 
Dissolved Oxygen 
224 
GFL - 39 
(SI= 25 - 30 ft.) 

































95 & ,t_ 
i 
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TABLE 4 . (CONT) 
Analyte 
Ammonium (NH4 ) 




















Phosphate (P04 ) 








GFL - 41 
(SI = 3 - 5 ft.) 











































~ABLE 4 • (CONT) 
GFL - 42 
(SI = 6 - 8 ft. ) 
Results - 9/SJ. 






























































TABLE 4. (CONT) GFL - 44 
(SI= 12 - 15 ft.) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) 1.39 1.37 j 
~ 




BOD NA <8 1 ; l 
Calcium (Ca) 3,040 2,840 l '\ 
~. 
Chloride (Cl) 20,000 13,000 ! 
COD 174 351 
Fluoride (F) 0.1 0.1 ( 
Iron (Fe) 0.25 0.36 
; 
Magnesium (Mg) 2,930 2,680 
Manganese {Mn) 4,85 5.29 
Potassium (K) 20.5 14.0 
Sodium (Na) 4,500 4,490 
Sulfate {S04 } 1,450 1,370 
TDS 32,100 24,500 
Phosphate {P04 } 0.02 0.00 
Nitrate (N03 ) 0.89 0.15 
Field PH 5.8 6.4 
Lab Conductivity 44,410 45.460 
Field Temperature (OC) 13.0 6.2 
Dissolved oxygen NA 0.7 
TABLE 4 • (CONT) 
Analyte 
Ammonium (NH4 ) 













Phosphate (P04 ) 







GFL - 45 
(SI = 3 - 8 ft.) 











































TABLE 4. (CONT) GFL - 47 
(SI= 10 - 15 ft.) 
Analyte 
Results - 9/83 






























































TABLE 4. (CONT) 
Analyte 












sulfate (S04 ) 
TDS 







GFL - 48 
(SI= 10 - 15 ft.) 












































TABLE 4. ( CONT) GFL - 51 
( SI = 6 - 8 ft.) 
Analyte Results -
9/83 Results - 6/84 
Ammonium (NH4 ) 
0.50 0.52 










Fluoride (F) 0.2 



















Phosphate (P04 ) 
0.12 o.oo 




Lab conductivity 44,300 
45,940 
Field Temperature (OC) 6.4 
4.7 




TABLE 4 . (CONT) GFL - 52 
( SI = 3 - 5 ft. ) 
Analyte Results - 9/83 
Results - 6/84 
Ammonium (NH4 ) 
NA 0.41 




Calcium (Ca) NA 
1,320 




Fluoride (F) NA 
0.4 
Iron (Fe) NA 
0.38 i 
. L Magnesium (Mg) NA 2,660 
Manganese (Mn) NA 
0.11 
Potassium (K) NA 
17.8 
Sodium (Na) NA 
6,470 




Phosphate (P04 ) 
NA 0.03 
Nitrate (N03 ) 
NA 2.49 
Field PH NA 
5.3 
Lab Conductivity NA 
43,890 
Field Temperature (OC) NA 
5.8 









TABLE 4. (CONT) GFL - 53 
(SI= 10 - 15 ft.) 
Analyte Results - 9/83 Results - 6/84 l r ,. 
Ammonium (NH4 ) 3.81 4.24 
} 
i 
Bicarbonate (HC03 ) 327 306 I ! 
! 
BOO NA <8 t ; 
Calcium (Ca) 1,890 1,970 
Chloride (Cl) 18,500 16,100 
COD 174 174 
Fluoride (F) 0.1 0.1 
Iron (Fe) 0.26 0.74 
Magnesium (Mg) 1,980 2,210 
Manganese (Mn) 5.02 14.10 
Potassium (K) 41.0 21.s 
Sodium (Na) 6,260 5,370 
Sulfate (S04 ) 2,250 1,970 
TOS 31,100 27,800 
Phosphate (P04 ) 0.31 o.oo 
Nitrate (N03 ) 7.39 0.08 
Field PH 5.9 6.1 
Lab Conductivity 43,160 42,230 
Field Temperature (OC) 5.9 6.4 
Dissolved Oxygen NA 1.7 
234 
TABLE 4. ( CONT) GFL - 54 
(SI = 6 - 8 ft.) 
Analyte 
Results - 9/83 Results -
6/84 
Ammonium (NH4 ) 
1. 35 
0.36 































































TABLE 4. ( CONT) GFL - 55 
( SI = 3 - 5 ft . ) 
Analyte 
Results - 9/83 Results -
6/84 
Ammonium (NH4 ) 
NA 
0.18 
































































TABLE 4. (CONT} GFL - 57 I 
(SI = 25 - 30 ft.} 
Analyte Results - 9l83 Results - 6/84 
Ammonium (NH4 ) 7.64 7.41 I Bicarbonate (HC03 } 335 316 
BOD NA <8 
Calcium (Ca) 1,900 1,780 
Chloride (Cl) 10,500 7,400 
COD 49 98 t 
Fluoride (F) 0.1 0.1 I 
I 





Magnesium (Mg} 970 924 I I' 
Manganese (Mn) 11.1 9.71 
1 Potassium (K} 21.5 21. 0 
Sodium (Na} 3.080 3.050 I I 
Sulfate (S04) 642 698 
TDS 17,300 14,000 
Phosphate (P04) 0.19 o.oo 
Nitrate (N03 } 0.17 0.18 
Field PH 6.2 6.1 
Lab Conductivity 26,100 26,830 
Field Temperature (OC) 10.0 6.0 
Dissolved oxygen NA 1. 2 
¥%4 
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TABLE 4. (CONT) NET - 1 
(Northeast Cell - Leachate Sample) 
Analyte Results - 9/83 Results - 6/84 
Ammonium (NH4 ) NA 13.01 
Bicarbonate (HC03 ) NA 1,560 
BOD NA 710 
Calcium (Ca) NA 838 
Chlor.ii'de (Cl) NA 6,800 
COD NA 1,520 
Fluoride (F) NA 0.1 
Iron (Fe) NA 0.58 
Magnesium (Mg) NA 1.180 
Manganese (Mn) NA 1.08 
Potassium (K) NA 130 
Sodium (Na) NA 2,840 
Sulfate (S04 ) NA 8.0 
TDS NA 12,600 
Phosphate (P04 ) NA 1.57 
Nitrate (N03 ) NA 0.35 
Field PH NA 6.6 
Lab Conductivity NA 23,440 
Field Temperature (OC) NA 16.5 
Dissolved Oxygen NA 0.4 
238 
TABLE 4. ( CONT) ND - 1 
(North Ditch - Surface water Sample) 
Analyte 




NA 0.13 t "' 




































Phosphate (P04 ) 
NA o.66 




Lab conductivity NA 
26,360 
Field Temperature (OC) NA 
18.0 
Dissolved oxygen NA 
8.2 
239 
TABLE 4. (CONT) ND - 2 
(North Ditch - surface Water Sample) 
Analyte Results -
9/83 Results - 9/84 






Calcium (Ca) NA 
1,450 
Chloride (Cl) 
NA 28,000 . 
COD 
NA 959 




Magnesium (Mg) NA 
2,970 
Manganese (Mn) NA 
2.41 
Potassium (K) NA 
30.5 
Sodium (Na) NA 
10,400 






Nitrate (N03 ) 
NA 0.04 
Field PH NA 
7.4 
Lab Conductivity NA 
59,570 
Field Temperature (oC) NA 
20.5 
Dissolved oxygen NA 
NA 
240 
TABLE 4. (CONT) SEP - 1 
(Seep - Northside of English Coulee Diversion Ditch) 
Analyte Results - 9/83 Results - 9/84 
Ammonium (NH4) NA 48.3 
Bicarbonate (HC03 ) NA 2,120 
BOD NA NA 
Calcium (Ca) NA 545 
Ch;loride (Cl) NA 5,150 
COD NA 330 
Fluoride (F) NA 0.4 
Iron (Fe) NA 4.73 
Magnesium (Mg) NA 708 
Manganese (Mn) NA 9.17 
Potassium (K) NA 83.0 
Sodium (Na} NA 2,700 
Sulfate (S04 ) NA 1,370 
TDS NA 11,600 
Phosphate (P04 } NA 0.22 
Nitrate {N03 } NA 0.07 
Field PH NA 6.5 
Lab Conductivity NA 18,350 
Field Temperature (OC) NA 13.0 
Dissolved Oxygen NA NA 
241 
TABLE 4. (CONT) SD - 1 
(Surface Water - Bottom English Coulee Diversion Ditch) 
Analyte Results - 9/83 Results - 9/84 
Ammonium (NH4 ) NA 42.5 
Bicarbonate (HC03 ) NA 1,120 
BOD NA NA 
Calcium (Ca) NA 327 
; Chloride (Cl) NA 6,250 
COD NA 70 
Fluoride (F) NA 0.2 
Iron (Fe) NA 0.19 
Magnesium (Mg) NA 840 
Manganese (Mn) NA 0.70 
Potassium (K) NA 88.0 
Sodium {Na) NA 2,770 
Sulfate (S04 ) NA 1,050 
TDS NA 11,900 
Phosphate (P04 ) NA 0.40 
Nitrate (N03 ) NA 0.06 
Field PH NA 7.6 
Lab Conductivity NA 20,060 
Field Temperature (OC) NA 20 
Dissolved oxygen NA NA 
------ ·-----------_.!Ill---
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TABLE 4. (CONT) DK - 1 
(Artesian Well - T152N, R51W, Sec. 33-CCC) 
Analyte Results - 9/83 
Results - 9/84 
Ammonium (NH4 ) NA 
4.53 












Fluoride (F) NA 
2.7 
Iron (Fe) NA 
1.14 
Magnesium (Mg) NA 
105 
Manganese (Mn) NA 
0.16 
Potassium (K) NA 
49.8 
Sodium (Na) NA 
1,220 




Phosphate (POJ NA 
o.oa 
Nitrate (N03 ) 
NA o.oo 
Field PH NA 
7.0 
Lab conductivity NA 
7,030 
Field Temperature (OC) NA 
6.5 
Dissolved oxygen NA 
NA 
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TABLE 4. (CONT) DK - 2 
(Artesian Well - Tl51N, R51W, Sec. 03) 
Analyte Results - 9/83 
Results - 9/84 
.Ammonium (NH4 ) 
NA 4.30 




Calcium (Ca) NA 
186 




Fluoride (F) NA 
2.3 
Iron (Fe) NA 
0.82 
Magnesium (Mg) NA 
73.5 
Manganese (Mn) NA 
0.22 
Potassium (K) NA 
383 
Sodium (Na) NA 
1,090 








Field PH NA 
7.2 
Lab Conductivity NA 
5,949 
Field Temperature (oC) NA 
6.5 
Dissolved oxygen NA 
NA 
APPENDIX I 
GAS ANALYSIS RESULTS 
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TABLE 5. NORMALIZED MOLE PER CENT GASES 
Gas Sample GFL-12: 
Hydrogen . .................................. . 
Carbon Dioxide . ............................ . 
Propane .... . 
Propylene ....... . 
I so-Butane .. 
Carbony 1 Sulfide . .......................... . 
N-Butane . ........•.......................... 










Methane ... . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Carbon Monoxide . ........................... . 
Ammonia . ................................... . 
Gas Sample GFL-13: 
Hydrogen . .................................. . 
Carbon Dioxide . ............................ . 
Propane .• . . . . . . . . . . . . . . . . . 
Propylene ... . . . . . . . . . . . . . . . 
!so-Butane .. . . . . . . . . . . . 
carbonyl Sulfide . .......................... . 
N-Butane . .................................. . 









Nitrogen ............. . 
. . 
. . . 
Methane .. . . . . . . . . . . . . . . . . . . . 
. . 
. . . . . . . 
Carbon Monoxide ..................•.••....... 
















































TRACE METAL RESULTS 
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TABLE 6. TRACE METAL RESULTS 
Sample Arsenic Cadmium Chromium Lead Selenium Zinc 
Y.9.LL Y9L1 Y9L1 Y9L1 Y9L1 ~ 
* MDL 1 0.5 1 1 1 0.01 
GFL-8 1 2.6 5 14 18 0.15 
GFL-10 <1 2.6 5 14 18 0.15 
GFL-12 10 <0.5 3 14 1 0.25 
GFL-13 1 <0.5 50 14 <1 0.33 
GFL-17 2 2.2 4 10 2 0.28 
1 GFL-18 2 0.9 3 10 1 0.30 
GFL-19 1 1.1 4 14 <1 0.21 
GFL-20 1 <0.5 5 15 7 0.15 
GFL-22 2 2.0 2 15 7 0.15 
GFL-23 2 1.2 2 10 19 0.14 
GFL-29 3 <0.5 5 11 6 0.20 I GFL-30 1 1.4 3 12 16 0.21 ! I 
:.1 
GFL-31 <1 <0.5 5 10 <1 0.13 .. 
GFL-34 3 1.4 3 10 21 0.20 
GFL-35 1 1.0 3 11 8 0.17 
GFL-37 <1 <0.5 2 12 <1 0.15 
GFL-53 <1 0.9 2 12 <1 0.20 
GFL-54 2 1.9 2 11 9 0.24 
GFL-55 2 3.0 3 12 13 0.21 
DK-1 <1 <0.5 1 5 <1 0.04 
DK-2 <1 <0.5 4 5 <1 0.09 
NET-1 17 <0.5 11 6 <1 0.09 
ND-2 15 <0.5 8 8 <1 0.11 
SD-2 2 <0.5 7 8 1 0.04 
SEP-1 4 0.8 6 7 1 0.09 




















I Analyte Result 
Endrin None Detected I Lindane None Detected : 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 None Detected 
2,4,5-TP Silvex None Detected 
I GFL -10 
I ; 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D / None Detected 
2,4,5-TP Silvex None Detected 
GFL -12 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
I 
2,4-D < 1. O ug/L 
2,4,5-TP Silvex < 1.0 ug/L 
GFL -13 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 None Detected 





TABLE 7. { CONT} PESTICIDE ANALYSIS 
GFL -17 
Analyte Result 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
GFL -18 
Endrin None Detected ; 
\ 
Lindane None Detected I 
/1 Methoxychlor None Detected l 
Toxaphene None Detected I 
I 2,4-D < 1.0 ug/L 1 
2,4,5-TP Silvex < 1.0 ug/L i 
I GFL -19 I 
.j 
i 
Endrin None Detected ; i 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex < 1.0 ug/L 
GFL -20 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
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L_ 
TABLE 7.{CONT) PESTICIDE ANALYSIS 
GFL -22 
Analyte Result 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 None Detected 
2,4,5-TP Silvex None Detected 
GFL -23 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected I 2,4-D None Detected i 
2,4,5-TP Silvex None Detected i 
I ; 
GFL -29 
Endrin None Detected 1 
Lindane None Detected I Methoxychlor None Detected 
Toxaphene None Detected Ii I• 
2,4-D None Detected ' I I 




Endrin None Detected 
Lindane None Detected I 
Methoxychlor None Detected I ! 
Toxaphene None Detected 
i ! 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
-
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! TABLE 7.(CONT) PESTICIDE ANALYSIS 
GFL -31 
Analyte Result 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
GFL -34 
·. 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D < 1. 0 ug/L 
2,4,5-TP Silvex None Detected 
I 
GFL -35 ! 
I ., 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
GFL -37 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D 3. 2 ug/L 
2,4,5-TP Silvex < 1.0 ug/L 
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TABLE 7. ( CONT) PESTICIDE ANALYSIS 
GFL -39 
Analyte Result 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D < 1.0 ug/L 
2,4,5-TP Silvex None Detected 
GFL -45 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 




GFL -47 '! i 
! 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
GFL -48 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
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TABLE 7. (CONT) PESTICIDE ANALYSIS 
GFL -51 
Analyte Result 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 None Detected 
2,4,5-TP Silvex None Detected 
GFL -52 
, . Endrin Detected None 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 < 1.0 ug/L 
2,4,5-TP Silvex None Detected 
GFL -53 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
GFL -54 
Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-D None Detected 
2,4,5-TP Silvex None Detected 
-
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TABLE 7. (CONT) PESTICIDE ANALYSIS 
GFL -55 
Analyte Result l 
i 
Endrin None Detected I l 
Lindane None Detected ! 
l 
Methoxychlor · None Detected 
Toxaphene None Detected I 2,4-0 None Detected 
2,4,5-TP Silvex None Detected ! I 
I 
GFL -57 I 
-. Endrin None Detected 
Lindane None Detected 
Methoxychlor None Detected 
Toxaphene None Detected 
2,4-0 < 1.0 ug/L 





L __  
TABLE 8. CATION-EXCHANGE-CAPACITY-RESULTS (meq/L) 
North Test Hole: 
Sample Depth CEC %Clay USDA Soil Class. 
N-1 4' 10.3 14.4% Silt loam 
N-2 7' 24.8 29.4% Silty clay loam 
N-3 10 1 26.7 51.0% Silty clay 
N-4 13 1 25.4 61.9% Clay 
N-5 29' 39.3 96.4% Clay 
South Test Hole: 
Sample Depth CEC %Clay USDA Soil Class. 
S-1 4' 11.1 15.2% Silt loam 
S-2 7 ' 28.1 50.2% Silty clay 
S-3 10 1 27.5 53.2% Silty clay j 
S-4 13' 30.7 66.0% Clay I ' 





East Test Hole: I I 
i 
Sample Depth CEC %Clay USDA Soil Class. 
E-1 4 I 12.3 18.3% Silt loam 
E-2 7' 34.4 75.9% Clay 
E-3 10 1 24.7 46.6% Silty clay 
E-4 13 1 33.8 57.8% Silty clay 
E-5 29' 40.6 96.1% Clay 
West :[est Hole: 
Sample Depth CEC %Clay USDA Soil Class. 
W-1 4 I 15.0 13.8% Silt loam 
W-2 7.5 1 30.8 55.0% Silty clay 
W-3 10 1 26.3 62.2% Clay 
W-4 13 1 33.8 81.9% Clay 



















TABLE 9. WATER LEVELS (ft) 259 
Date GFL-01 GFL-02 GFL-03 GFL-04 GFL-05 
08/31/83 835.20 835.25 835.19 834.96 835.12 
09/10/83 834.85 834.26 834.17 834.71 834.81 
09/19/83 836.30 836.32 836.27 835.86 835.98 
09/27/83 835.64 835.71 835.62 835.77 835.81 
10/06/83 836.60 836.61 836.57 836.34 836.39 I 
I 
10/08/83 836.87 836.89 836.87 836.52 836.48 
10/18/83 837.81 837.73 837.78 837.22 837.24 i! 
11/02/83 836.93 836.94 836.88 836.96 837.03 
11/19/83 837.20 837.16 837.15 837.05 837.14 
-. 
12/28/83 833.76 833.79 833.61 834.75 835.03 
01/24/84 Dry 831. 85 832.20 833.07 833.29 
02/27/84 Dry 831. 85 831. 70 832.70 833.20 
03/30/84 Dry 831. 77 831. 70 832.54 832.85 
04/10/84 834.10 833.74 833.83 833.34 833.54 
~ 
04/21/84 836.95 836.87 836.77 835.58 835.73 
05/02/84 837.42 837.27 837.37 836.29 836.19 
05/18/84 836.13 836.06 836.02 835.74 835.73 
05/27/84 835.85 835.82 835.76 835.61 835.63 
06/02/84 835.20 835.25 835.15 835.29 835.33 
06/10/84 837.99 837.97 837.89 836.64 836.68 
06/20/84 836.93 836.88 836.83 836.65 836.64 
06/29/84 836.06 836.02 835.93 836.06 836.09 
07/13/84 835.44 835.50 835.37 835.75 835.80 
08/10/84 835.14 835.10 835.09 834.81 834.98 
$, 08/20/84 833.37 833.47 833.33 834.31 834.42 
~ 
08/31/84 832.78 832.49 832.64 834.27 833.76 
............... ----..----
TABLE 9 • (CONT) 260 
Date G[L-06 GFL-07 GFL-08 GFI.!-09 GFL-10 
08/31/83 835.04 834.99 834.17 834.14 834.14 
09/10/83 834.57 835.06 833.48 833.50 833.87 
09/19/83 832.40 835.19 835.48 835.44 835.13 
09/27/83 834.66 835.25 835.01 834.98 835.07 
10/06/83 835.04 835.33 835.94 835.90 835.72 
10/08/83 835.14 835.46 836.14 836.05 835.82 
10/18/83 835.64 835.91 836.71 836.68 836.40 
11/02/83 836.12 836.25 836.47 836.46 836.38 
11/19/83 836.46 836.57 836.47 836.45 836.37 
-. 12/28/83 836.30 836.57 833.31 833.38 834.20 
01/24/84 835.76 Ice 831.61 831. 93 832.40 
02/27/84 834.66 Ice 831.98 832.17 832.41 
, I 
03/30/84 833.91 Ice 832.22 832.16 832.22 




833.83 Ice 836.68 836.58 835.25 
05/02/84 834.14 Ice 837.52 837.52 836.61 
05/18/84 834.50 834.60 836.42 836.42 836.12 
05/27/84 834.69 834.75 836.13 836.15 835.97 
06/02/84 834.77 834.81 835.49 835.53 835.56 
06/10/84 827.46 835.07 838.58 838.55 839.68 
06/20/84 834.63 835.26 837.12 836.49 837.07 
06/29/84 835.17 835.32 836.02 836.03 836.15 
07/13/84 835.43 835.49 834.93 834.95 835.32 
08/10/84 835.11 835.15 834.58 834.58 834.43 
08/20/84 834.97 835.03 833.11 833.20 833.68 
08/31/84 834.83 834.88 832.19 832.40 832.88 
TABLE 9.(CONT) 261 
Date GfL-11 GFL-1, GFL-lJ GFL-14 GFL-15 
08/31/83 840.52 840.54 838.80 838.82 837.05 
09/10/83 840.52 840.61 838.84 838.85 836.43 
09/19/83 840.55 840.61 838.94 838.90 837.66 
09/27/83 840.43 840.83 838.97 839.04 836.69 
10/06/83 840.32 840.39 838.97 838.99 837.46 
10/08/83 840.23 840.32 838.97 838.92 837.40 
10/18/83 840.22 840.32 839.04 839.00 837.48 
11/02/83 839.99 840.19 839.07 839.98 836.85 
11/19/83 840.17 840.23 839.12 839.15 837.01 
12/28/83 839.83 840.00 838.94 838.81 836.22 I" 
01/24/84 839.70 839.93 838.88 838.76 836.23 
02/27/84 839.51 839.52 838.62 838.56 837.37 
03/30/84 839.75 839.78 838.52 838.55 837.76 
04/10/84 839.93 839.87 838.65 838.80 837.23 
04/21/84 839.95 839.90 838.66 838.71 837.48 
05/02/84 840.04 839.96 838.92 838.90 837.22 
05/18/84 839.87 839.89 838.94 838.96 836.23 
05/27/84 839.71 839.69 838.85 838.91 836.09 
06/02/84 839.86 839.76 838.93 839.02 835.85 
06/10/84 840.57 840.38 838.37 839.10 838.20 
06/20/84 840.68 840.57 838.90 839.16 837.17 
06/29/84 840.64 840.52 838.93 839.16 836.67 
07/13/84 840.71 840.62 839.07 839.34 836.33 
08/10/84 840.49 840.35 839.14 839.30 837.68 
08/20/84 840.50 840.41 839.19 839.46 836.65 
08/31/84 840.26 840.19 839.17 839.35 836.40 
TABLE 9 • (CONT) 262 
Date GFL-16 G[L-;1.7 G[L-la ~FL-19 GFL-20 
08/31/83 837.07 837.04 836.99 837.09 836.21 
09/10/83 836.86 836.43 836.42 836.78 836.31 
09/19/83 837.42 837.69 837.67 837.53 837.32 
09/27/83 837.11 836.68 836.66 836.96 837.15 
10/06/83 837.36 837.30 837.28 837.34 837.80 
10/08/83 837.41 837.41 837.41 837.38 837.95 
10/18/83 837.49 837.58 837.48 837.47 838.25 
11/02/83 837.19 836.86 836.84 837.03 838.01 
11/19/83 837.27 837.04 837.03 837.05 837.96 
12/28/83 Ice 836.17 836.23 836.58 835.78 
01/24/84 Ice Ice 836.24 836.45 833.88 
02/27/84 Ice Ice 837.25 837.08 833.24 
03/30/84 Ice Ice 838.20 837.41 834.61 
04/10/84 Ice Ice 838.12 837.59 836.56 
04/21/84 837.19 Ice 837.35 837.31 837.01 
05/02/84 837.12 837.25 837.24 837.22 837.34 
05/18/84 836.64 836.21 836.19 836.59 836.90 
05/27/84 836.52 836.08 836.07 836.49 836.73 
06/02/84 836.38 835.81 835.81 836.29 836.39 
06/10/84 837.35 838.19 838.15 837.94 837.03 
06/20/84 837.19 837.11 837.10 837.14 837.32 
06/29/84 836.93 836.61 836.61 836.68 836.81 
07/13/84 836.87 836.32 836.31 836.46 836.52 
08/10/84 837.24 837.54 837.64 837.60 835.38 
08/20/84 836.97 836.55 836.54 836.58 835.35 
08/31/84 836.81 836.31 836.30 836.39 834.91 
-
TABLE 9. (CONT) 263 
' Date GFL-21 GFL-2i GFL-2J GFL-i~ GFL-25 
08/31/83 836.37 836.62 836.61 836.66 835.69 
09/10/83 836.27 836.18 836.15 836.16 834.88 
09/19/83 837.61 837.78 837.78 837.82 837.41 
09/27/83 837.18 837.02 837.00 837.02 836.42 
10/06/83 838.01 838.12 838.11 838.13 837.11 
10/08/83 838.19 838.35 838.33 838.35 837.34 
10/18/83 838.43 838.53 838.51 838.53 837.90 
11/02/83 837.99 837.96 837.91 837.94 837.61 
' 11/19/83 837.98 838.02 838.01 838.04 837.50 
12/28/83 835.32 834.54 834.44 834.52 834.58 ·,-
01/24/84 833.20 832.16 Dry 832.17 832.60 
02/27/84 833.11 833.22 Dry 833.21 831. 99 
03/30/84 835.14 836.21 836.07 836.11 835.52 
04/10/84 837.49 838.55 838.54 838.66 837.83 
04/21/84 837.62 838.08 838.07 838.11 837.82 
05/02/84 837.93 838.30 838.30 838.32 838.83 
05/18/84 837.13 837.04 837.06 837.05 838.09 
05/27/84 836.89 836.77 836.78 836.77 837.35 
06/02/84 836.47 836.22 836.24 836.22 836.47 
06/10/84 837.72 838.40 838.43 838.37 838.96 
06/20/84 837.56 837.49 837.52 837.51 838.76 
06/29/84 836.89 836.68 836.71 836.69 838.17 
07/13/84 836.55 836.15 836.17 836.16 836.92 
08/10/84 835.49 835.86 835.91 835.91 836.38 
08/20/84 835.27 834.78 834.82 834.82 834.99 
08/31/84 834.66 834.06 Dry 834.09 833.97 
TABLE 9 • (CONT) 264 
~ GFL-26 GFL-27 GFL-~8 GFL-29 GFL-30 
08/31/83 835.66 835.65 833.95 833.91 833.95 
09/10/83 834.82 834.86 833.17 833.10 833.13 
09/19/83 837.30 837.20 835.00 834.97 835.00 
09/27/83 836.36 836.38 834.59 834.55 834.60 
10/06/83 837.05 837.03 835.16 835.12 835.10 
10/08/83 837.26 837.25 835.32 835.28 835.31 
10/18/83 837.87 837.86 835.85 835.81 835.84 
11/02/83 837.54 837.52 835.45 835.40 835.45 
11/19/83 837.42 837.41 835.38 835.34 835.38 
12/28/83 834.45 834.40 833.10 833.12 833.12 
01/24/84 832.12 832.07 829.99 Dry 829.85 
02/27/84 831. 91 831.83 831.67 Dry 831.62 
03/30/84 835.51 835.35 833.03 833.59 834.11 
04/10/84 837.78 Ice 836.83 836.73 835.39 ., 
04/21/84 837.81 Ice 837.26 837.23 837.19 
05/02/84 838.83 Ice 837.42 837.39 837.39 
05/18/84 837.98 837.91 835.98 835.95 835.96 
05/27/84 837.29 837.29 835.28 835.27 835.30 
6/02/84 836.48 836.53 834.74 834.73 834.76 
06/10/84 838.97 838.98 837.50 837.48 837.50 
06/20/84 838.72 838.66 837.31 837.29 837.30 
06/29/84 838.08 838.00 835.59 835.57 835.59 
07/13/84 836.89 836.96 834.69 834.70 834.72 
08/10/84 836.39 836.42 834.59 834.58 834.61 
08/20/84 835.03 835.10 833.33 833.26 833.26 
08/31/84 834.01 834.09 832.34 832.21 832.18 
TABLE 9. ( CONT) 265 
Date GFL-31 ~f:L-32 Gfl,i-3J GFL-J4 GFL-35 
08/31/83 831. 72 833.87 835.43 835.39 835.48 
09/10/83 833.41 833.13 834.61 834.59 834.69 
09/19/83 834.70 835.01 836.40 836.34 836.63 
09/27/83 834.75 834.61 835.58 835.56 835.67 
10/06/83 835.24 835.31 836.47 836.42 836.52 
10/08/83 835.20 835.31 836.77 836.73 836.84 
10/18/83 835.80 835.84 837.24 837.19 837.55 
11/02/83 835.57 835.51 836.67 836.62 836.71 
11/19/83 835.49 835.41 836.62 836.59 836.67 
12/28/83 833.72 833.21 833.63 833.54 833.67 
01/24/84 830.67 829.93 833.55 Dry 831.04 
02/27/84 831. 35 831. 51 833.15 833.13 833.24 
03/30/84 833.65 834.68 833.20 833.28 833.38 
04/10/84 835.69 836.33 836.40 836.36 836.35 
04/21/84 836.70 837.14 837.34 837.27 837.28 
05/02/84 837.03 837.41 837.53 837.48 837.48 
05/18/84 836.29 835.93 835.99 835.96 835.96 
05/27/84 835.57 835.32 835.59 835.56 835.55 
06/02/84 835.04 834.79 834.81 834.81 834.81 
06/10/84 837.37 837.49 837.59 837.56 837.52 
06/20/84 837.23 837.26 836.98 836.85 836.83 
06/29/84 835.62 835.57 835.60 835.58 835.55 
07/13/84 834.78 834.75 834.74 834.73 834.72 
08/10/84 834.51 834.55 835.33 835.30 835.26 
08/20/84 833.30 833.26 834.02 833.98 833.96 
08/31/84 832.23 832.09 833.62 833.57 833.53 
-
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Date GFL-36 G[L-37 ~FL-38 GFL-32 GFL-40 
08/31/83 835.26 834.96 835.28 835.17 835.15 
09/10/83 834.85 834.88 835.27 835.14 834.26 
09/19/83 836.32 836.18 835.47 835.35 836.21 
09/27/83 835.79 835.84 835.52 835.39 835.37 
10/06/83 836.52 836.42 835.71 835.58 836.52 
10/08/83 836.78 836.63 835.71 835.63 836.79 
10/18/83 837.23 837.12 835.98 835.86 837.30 
11/02/83 836.81 836.83 836.27 836.14 836.84 
11/19/83 836.73 836.70 836.44 836.34 836.89 
12/28/83 837.44 834.46 Ice 836.30 832.96 
01/24/84 Ice 832.33 Ice 835.67 830.50 
02/27/84 Ice 832.87 Ice Ice 831.70 
03/30/84 Ice 832.58 Ice Ice 831. 09 
04/10/84 Ice 835.12 Ice Ice 834.48 
04/21/84 836.92 836.78 836.69 834.76 836.76 
05/02/84 837.23 837.13 835.18 835.14 837.11 
05/18/84 836.14 836.22 835.60 835.54 835.78 
05/27/84 835.73 835.79 835.73 835.66 835.47 
06/02/84 835.10 835.20 835.73 835.68 834.89 
06/10/84 837.19 836.73 836.00 835.78 837.14 
06/20/84 836.87 836.89 836.44 836.00 836.58 
06/29/84 835.80 835.99 836.15 836.09 835.33 
07/13/84 835.07 835.31 836.14 836.12 834.61 
08/10/84 834.73 834.38 835.74 835.70 836.06 
08/20/84 834.29 834.38 835.52 835.57 834.58 
08/31/84 834.03 834.09 835.55 835.53 834.05 
, 
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Date GFL-41 GfL-42 GFL-43 GFL-44 GFL-42 
08/31/83 834.98 835.09 834.79 835.03 833.26 
09/10/83 834.07 834.18 834.49 834.24 832.91 
09/19/83 836.01 836.15 835.72 836.19 834.95 
09/27/83 835.18 835.56 835.43 835.24 834.36 
10/06/83 836.28 836.42 836.08 836.34 835.11 
10/08/83 836.59 836.68 836.16 836.62 835.28 
10/18/83 837.01 837.10 836.75 837.04 835.89 
11/02/83 836.63 836.77 836.70 836.68 835.40 
11/19/83 836.63 836.77 836.70 836.68 835.30 
12/28/83 832.70 832.82 Ice 832.86 832.90 
; 
01/24/84 Dry 833.54 Ice 830.32 830.78 
02/27/84 Dry 831. 67 Ice 831. 69 831.66 
03/30/84 Dry 831. 07 Ice 831.11 834.85 
04/10/84 834.01 833.94 Ice 833.78 836.54 
04/21/84 836.66 836.69 Ice 836.64 836.42 
05/02/84 837.03 837.07 836.05 836.99 836.35 
05/18/84 835.77 835.80 835.69 835.79 834.89 
05/27/84 835.48 835.53 835.51 835.51 834.43 
06/02/84 834.91 834.97 835.14 834.94 833.56 
06/10/84 837.11 837.14 836.20 836.90 836.68 
06/20/84 836.56 836.60 836.36 836.51 835.68 
06/29/84 835.34 835.39 835.68 835.41 834.89 
07/13/84 834.63 834.69 835.20 834.78 834.45 
08/10/84 836.07 836.13 835.28 835.95 833.03 
08/20/84 834.60 834.65 834.97 834.74 832.17 
08/31/84 834.06 834.13 834.66 834.24 831.46 
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Date GFL-46 GFL-~7 GFL-48 GFL-49 GFL-50 
08/31/83 833.81 833.53 832.87 833.04 832.70 
09/10/83 832.88 833.10 832.95 833.08 832.69 
09/19/83 834.92 834.35 833.46 833.65 834.19 
09/27/83 834.34 834.37 833.81 833.83 834.04 
10/06/83 835.09 834.82 834.24 834.18 834.53 
10/08/83 835.25 834.91 834.40 834.27 834.74 
10/18/83 836.00 835.55 835.16 834.82 835.50 
11/02/83 835.37 835.36 834.94 834.86 835.08 
11/19/83 835.41 835.32 834.81 834.77 834.96 
12/28/83 832.90 834.92 832.49 833.25 832.12 
01/24/84 830.78 831.64 830.81 831.40 830.58 
02/27/84 831.67 831. 49 831.34 831. 60 831.16 
03/30/84 834.74 Dry 831.20 831. 36 831.08 
04/10/84 836.55 835.53 832.28 Ice 832.57 
04/21/84 836.03 835.75 834.81 Ice 835.50 
05/02/84 836.35 836.04 835.24 Ice 835.82 
05/18/84 834.89 835.04 834.27 834.12 834.45 
05/27/84 834.42 834.62 833.82 833.78 833.91 
06/02/84 833.55 834.07 833.47 833.50 833.49 
06/10/84 836.66 835.78 836.95 836.42 837.70 
06/20/84 835.67 835.78 835.55 835.47 835.84 
06/29/84 834.86 835.10 834.71 834.81 834.79 
07/13/84 834.43 834.77 834.18 834.37 834.16 
08/10/84 833.01 832.86 834.02 833.96 834.32 
08/20/84 832.12 832.90 833.53 833.77 833.43 
08/31/84 831. 42 832.43 832.85 833.28 832.55 
-
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Date GFL-51 GFL-52 GFL-53 GFL-5~ ~FL-55 
08/31/83 832.68 832.52 833.63 834.62 834.56 
09/10/83 832.70 Dry 833.89 833.77 833.71 
09/19/83 834.14 834.07 835.56 835.65 835.59 
09/27/83 834.04 833.98 835.10 835.09 835.59 
10/06/83 834.49 834.42 835.65 835.71 835.66 
10/08/83 834.70 834.63 835.83 835.89 835.83 
10/18/83 835.49 835.44 836.32 836.34 836.28 
11/02/83 835.06 835.02 835.86 835.84 835.79 
11/19/83 834.93 834.89 835.69 835.72 835.64 
12/28/83 832.05 Ice 833.85 833.51 Dry 
01/24/84 830.55 Dry 832.10 831.78 Dry 
02/27/84 831.15 Dry 833.09 833.06 833.00 
03/30/84 831.02 Dry 834.09 834.06 833.92 
04/10/84 832.46 Dry 835.64 835.90 835.86 
04/21/84 835.50 835.52 836.32 836.37 836.35 
05/02/84 835.79 835.82 836.65 836.75 836.70 
05/18/84 834.49 834.47 835.14 835.09 835.09 
05/27/84 833.95 833.92 834.54 834.46 834.44 
06/02/84 833.55 833.53 833.90 833.74 833.72 
06/10/84 837.61 837.53 837.63 837.71 837.70 
06/20/84 835.83 835.81 836.17 836.15 836.12 
06/29/84 834.80 834.78 835.28 835.21 835.20 
07/13/84 834.18 834.13 834.61 834.50 834.48 
08/10/84 834.27 834.20 834.71 834.73 834.67 
08/20/84 833.44 833.41 833.84 833.68 833.63 
08/31/84 832.55 Dry 832.95 832.73 Dry 
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Date GFL-56 GFL-57 GFL-58 GFL-59 
08/31/83 834.55 834.33 836.42 834.43 
09/10/83 833.73 834.33 834.37 833.84 
09/19/83 835.61 834.51 834.59 835.47 
09/27/83 835.05 834.57 834.63 835.07 
10/06/83 835.69 834.75 834.82 835.60 
10/08/83 835.86 834.79 834.86 835.76 
10/18/83 836.31 835.03 835.09 836.23 
11/02/83 835.81 835.33 835.40 835.80 
11/19/83 835.69 835.51 835.57 835.68 
12/28/83 833.40 835.37 835.65 833.85 
01/24/84 831.70 834.65 Ice 832.04 
02/27/84 832.96 834.50 Ice 833.06 
03/30/84 833.86 834.01 Ice 833.94 
04/10/84 835.75 834.09 Ice 835.43 
04/21/84 836.32 834.22 Ice 836.16 
05/02/84 836.75 834.48 Ice 836.53 
05/18/84 835.09 834.48 834.68 835.13 
05/27/84 834.43 834.66 834.70 834.55 
06/02/84 833.74 834.59 834.64 833.95 
06/10/84 837.75 834.88 834.91 837.59 
06/20/84 836.13 834.92 834.97 836.15 
06/29/84 835.21 834.98 835.02 835.29 
07/13/84 834.49 835.00 835.05 834.64 
08/10/84 834.77 834.77 834.81 834.84 
08/20/84 833.70 834.65 834.69 833.93 
08/31/84 832.75 834.57 834.69 833.06 
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TABLE 10. FIELD DATA FROM SELECTED SINGLE WELL RESPONSE TESTS 
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Plate 2.-Hydrographs for wells 
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Plate 3.-Hydrographs for wells 
GFL-11-12 & GFL-13-14 
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